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PREFACE 


This n-nort croihiins the results of Thiokol Chemical Corporation’s Study 
of Solid Rocket Motors for Space Shuttle Rooster. The objective of the study wan 

Motor (SUM) designs. development P n,«mm 

mplremonts. anti production and launch proem* 

development ot cretllble cost data tor meh pregt.un pi.if.e^ y acozge C. 

formed by Thiokol's W, match aviator, BnChtur . Cd*. UUh. to c0 „ducled 

study direction was provided by Messrs, h. H. Keainty. oipoia c 
Space Shuttle Program, and J. D. ThirldU, Program Manager. Space Shuttle 

Booster Study, Wasatch Division. 

The final report wan prepared tn response to Data 814 

ami Data Hoquircmont MA-02. The report tn arranged in four volume. 

Volume I - Executive Summary 

Volume If. - Technical 

Volume III - Program Planning Acquisition 

Volume IV - Cost 

Data Requirement MA-02 specified that the Cost report ^ 

Acquisition and Planning report but because of Its importance and nine .1 
bound as a separate volume in this Final Report. 

Volume II. Technical, has been further subdivided into five books as follows 
for ease of review and handling: 


Book 1 


Section 1.0 
Section 2.0 
Section 0.0 


Introduction 

Propulsion System Definition 
SUM Stage 


Book 2 


V 


Section 4.0 
Section 0.0 
Soction 0.0 
Soction 7.0 
Soction 8.0 
Section 0.0 
Section .10. 0 


SBM Parametric Data 

SUM Stage Recovery 

Environmental Effects 

Reliability and Failure Modes 

System Safety Analysis 

Ground Support Equipment 

Transportation, Assembly, and Checkout 


Book ft 


Appendix A - Systems Requirements Analysis 


Book 4 


Appendix B - Mass Property Report 


Appendix C - Stage and SRM Cl Specifications 


Appendix D - Drawings, Bill of Materials, Preliminary 
ICD's 


Book 5 


Appendix E - Recovery System Characteristics for 
Thiokol Chemical Corporation Solid 
Propellant Space Shuttle Boosters 

Appendix F - Quantitative Assessment of Environmental 
Effects of Rocket Engine Emissions 
During Space Shuttle Operations at 
Kennedy Space Center 

Appendix G - Thiokol Solid Propellant Pocket 
Engine Noise Prediction 

Appendix H - SRM Stags Recovery 


Iloqiiooto for fur I. her information ahould bo directed to: 

Thiokol Chemical Corporation 
Wa Hatch Divio ion 
P. O. Box \~>M 
Brigham City, Utah B4H0iJ 

,1. 1). Thirkill HOI - HOS-SRIl, Kxt 3-3481. 

1. C. Adam a HOI ~ 8(>3"3!>li, I*, xt 
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1.0 INTRODUCTION 


The technical data dev elope' I during Thiokol Chemical Corporation's Study 
of Solid Rocket Motors for a Space Shuttle Booster are presented in this document, 
Volume II Technical. The study was conducted for tire George C. Marshall Space 
Flight Center under Contract NAS 8-28430. The overall objective of the study was 
to develop data to assist the NASA in selection of the booster concept for use in 
the Space Shuttle system. 

Detail program objectives set forth in Exhibit A, Scope of Work, of Contract 
NAS 8-28430 were: 


1. Define solid rocket motor (SRM) designs which satisfy 
the performance and configuration requirements of 
the various vehicle/booster concepts. 

2. Define the development, production and launch support 
programs which are required to provide these stages 
at rates of 60, 40, 20, and 10 launches per year in a 
manrated system. 

3. Acquire from the vehicle contractors the interface 
data necessary to define those design controlling 
features of the SRM systems. Particular attention 
should be given to structural load paths and condi- 
tions, normal separation, abort (including thrust 
neutralization, if required), flight dynamics, 
acoustics, and thrust vector control. 

4. Definition of areas of significant concern or un- 
certainty which must be satisfactorily removed to 
allow use of the particular concept. Such defini- 
tion should include proposed means to reduce the 
uncertainty. 

5. Estimation of costs, including assumptions of basis, 
for the defined SRM. Such costs will identify all 
hardware systems, design, development and test 
efforts, production efforts, launch support facilities, 
transportation, ground support equipment anil 
handling equipments. 

Separate sections should address the recoverability 
process. 
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(i. To fulfill the objectives stated above, consideration 
will bo given to the baseline booster configurations 
of all the Phase B study contractors. 

Tlio configurations of these contractors hill within 
two broad concepts of rocket assisted boost of the 
reusable arbiter with external hydrogen oxygon 
propellant tankage: series burn and parallel burn. 

Primary emphasis is to be placed on parallel burn. 

There are also two sizes of orbiters being consid- 
ered. The contractor shall establish a working 
relationship with the Phase B contractors and pro- 
vide data to them as necessary to identify and resolve 
vehicle problems which mutually influence vehicle 
and SUM designs and use. 

Large SRM's have been studied frequently for space booster and ballistic 
missile applications during the past decade. In addition, several technological 
demonstration programs have been conducted under si tensor ship ol the NASA 
and USAF. These programs have encompassed 120, 150, and 200 in, motors. 
These study and technological programs in conjunction with current large motor 
production programs (120 in. 'Titan I1IC, Minuteman Stage I, and Poseidon Stage I) 
provide excellent background for the current study o! SRM's for a Space Shuttle 
booster. Thiokol has participated directly in several of these programs and is 
familiar with the results of programs conducted by other members of the solid 
propulsion community. The results of these previous programs and study support 
provided the Phase 15 vehicle study contractors were employed by Thiokol in the 
conduct of this study program. 

Study scope encompassed 15G, 120, and 2G0 in, SRM's. Major emphasis 
was placed on the study of 150 in. SRM stages in die parallel and series configura- 
tions. Data were developed for 120 in. stages in support of vehicle study con- 
tractors. Late in the study, data also were developed for 2G0 in. stages for 
the series burn configuration. 


Program acquisition planning documentation was developed in detail and is 
presented in Volume III. This documentation was employed to develop cost data 
for all stage configurations which arc presented in Volume IV. Detailed cost data 
wore developed for 1.5G in. parallel and scries configurations ior DRI & h and lot 
the mission model launch rate (GO launches per year) and alternate launch rates 
(40, 25, and 10 launches per year). Summary cost data were developed for the 
120 and 'V0 in, configurations lor DDT & K and the mission model launch rate. 
Cost and design data were provided to all vehicle study contractors for the specific 
configurations identified by them. In addition, Thiokol baseline configuration 
design and cost data were provided. 


1.-2 


Areas of concern and uncertainty were identified and Htndied. As ft result, 
no significant problems wore identified relating to the application of 8RM Hinges lor 
th(> Space Shuttle system. Manrating wan considered in the design of the SUM htar.ea 
and coma developed reflect additional design, development feat, and production 
nroeeaa eoutrol effort felt necessary to manratc the SUM stages. IHrtentml environ- 
mental problems were studied thoroughly, nnd it was determined that no serious 
environmental j>roblem exists. 

SUM stage recovery was evaluated and determined to lie feasible. Recovery 
of the SUM stages will provide significant eoat savings and hIwuW be pnraiu'd during 
the dovolopmont of the Spuoo Shuttle system. 

During the study, considerable data were developed to assist the NASA in 
the selection of a booster concept for the Space Shuttle system. Results of the 
study indicate that SRM's provide a logical, minimum technical risk, ow cos 
approach for the Space Shuttle booster application. 
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2.0 PROP1JLSTION SYS T EM DEFINITION 

2. 1 INTRODUCTION 

Thiokol has been actively supporting various vehicle contractors in their Space 
Shuttle studies for the past 2 years. During this time period, visits have been made 
by Thiokol personnel to most of the vehicle contractors. The vehicle contractors have 
been provided specific design data and design philosophy on large SRM boosters. Con- 
sequently, when this study was initiated, Thiokol was well acquainted with the Space 
Shuttle propulsion system and had close working relationships with the vehicle contrac- 
tors. This prior knowledge of the system and these working relationships made it 
possible for Thiokol to very quickly establish the size of the booster stages of current 
interest and the characteristics which the stages must possess. 

Two SRM stages were selected very early for detailed study: (1) a stage con- 
sisting of two 156 in. diameter motors each containing 1.2 million lb of propellant for 
use in the parallel burn configuration and (2) a stage consisting of three 156 in. diam- 
eter motors each containing 1. 5 million lb of propellant for use in the series burn 
configuration. The selection of these stages as baselines early in the study permitted 
greater engineering definition and provided a more adequate basis for cost estimating. 
Also, having the baselines selected early permitted data to be supplied to case and 
nozzle vendors, thereby enabling them to provide cost estimates for the study. 


To supplement the preliminary information received from the vehicle contrac- 
tors, letters requesting specific information on SRM stage requirements were sent to 
each of the vehicle contractors. These requests were followed by visits from Thiokol 
personnel. As a result, the most current information available was obtained from 
each of the vehicle contractors. These data varied widely as each of the vehicle con- 
tractors was examining different configurations. Subsequently, data were received 
from six separate contractors describing 29 configurations. These data also varied 
widely and it was not possible to establish a composite 156 in. stage design with any 
more validity than the two baselines previously selected. Therefore, the two baseline 
156 in. SRM stages have been used as design nominals for the 156 in. configurations 
throughout the study. 

Data also were requested by the vehicle contractors on SRM stages utilizing 
four 120 in. diameter motors. Late in the study, data were requested on a stage con- 
sisting of a single 260 in. diameter motor. A preliminary design for the 120 in. motors 
containing 0. 566 million lb of propellant was prepared and used as a baseline from 
which perturbations were made to respond to requests for 120 in. stage design data. 
Thiokol and UTC experience with the 120 in. motor was heavily relied upon to provide 
120 in. motor data and philosophy. 


Karlier studies were conducted by Thiokol on 260 in. motor designs. These 
studies were used extensively to compile the data supplied in this report on 260 in. 
motors. 
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Specific preliminary static designs were made for each 120 and 156 in. SRM 
requested by the vehicle contractors. These data were supplied on a mutually agreed 
upon schedule so that the data could be used in the vehicle contractors' final reports. 

The major objective of the study effort was to develop credible costing data on 
various SRM stage configurations applicable to the Space Shuttle Program. The three 
motor configurations selected; ie. 120 in. diameter segmented, 156 in. diameter seg- 
mented, 260 in. diameter monolithic, lend themselves well to the development of cost 

data. 


The 120 in. diameter segmented motor is currently in production so it can be 
costed out in the Space Shuttle stage configurations with little margin for error. Simi- 
larly, the 156 in. diameter segmented motor is within the current state of the art and 
can be costed with little uncertainty. 

The 260 in. monolithic motor has been studied previously and three motors 
have been built and tested. There is little uncertainty concerning the basic SRM 
but the area of transportation and handling of this size motor has not been fully demon- 
strated. 

2. 2 STAGE DESIGN REQUIREMENTS 
2. 2. 1 Performance 

Each of the vehicle contractors provided Thiokol with requirements data defin- 
ing the specific SRM being studied by them for the various Space Shuttle configurations 
being investigated. 

To provide a basis for the design and costing details provided in this document, 
two SRM's were selected as baseline motors. The first contains 1. 2 million lb of 
propellant and is intended for use in pairs for the parallel burn configurate. The 
second contains 1. 5 millions lb of propellant and is intended for use as one motor of 
a cluster of three to be used in the series burn configuration. The two motors were 
selected prior to the receipt of specific data from the vehicle contractors and do not 
represent a finite request from any of the contractors; however, the motors are typi- 
cal of those requested by each vehicle contractor. 

The actual request for data on the parallel burn motor from the vehicle contrac- 
tors varied in size from 1. 04 to 1. 37 million lb of propellant. Thus, the Thiokol base- 
line at 1.2 million lb is very rep resentative of the motor size being considered. *he 
requests for series burn configuration motors ranged from 1. 0 to 1. 43 million lb of 
propellant. The Thiokol design at 1. 5 million lb represents a motor slightly larger 
than any requested. 
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This motor was intentionally selected at 1.5 million lb as it represents a 
motor that is near the maximum size that should be designed at the 1.5(5 in. diameter. 
The features on this motor, however, are typical of the requested motors. 

Table 2-1 contains a summary of the data requested by each of the vehicle 
contractors. 

2. 2. 2 Thrust Vector Control 

The TVC requirements specified by the vehicle contractors varied widely as 
shown on Table 2-1 . On the parallel configuration, consideration is being given by 
some contractors to deleting all TVC from the two SRM's and doing all maneuvering 
with the control system on the orbiter. In this concept, it is not necessary to have 
TVC on the SRM; however, a nozzle is utilized with a permanent cant angle such that 
the thrust vector is directed toward the vehicle center of gravity. This concept would 
require prediction of thrust vector position within approximately 1/4 deg. From a 
motor manufacturing and assembly standpoint, this appears to be achievable. 

Other concepts for the parallel burn configuration require a movable nozzle. 
Nozzle deflection requirements vary from 3 to 10 deg with a slew rate of 5 to 20 deg/ 
sec. To meet these requirements a movable nozzle utilizing a flexible bearing has 
been designed and is discussed below. 

The series configuration requires TVC in all the options presented by the prime 
contractors and a flexible bearing movable nozzle is shown on the 1.5 million lb pro- 
pellant baseline motor for the series configuration. Also shown is a hydraulic power 
unit (HPU) and linear actuators for moving the nozzle. A vector angle of 5 deg with 
a slew rate of 5 deg/sec was selected as the baseline. The requirements from the 
vehicle contractors for series burn varied from 5 to 10 deg deflection with a slew 
rate of 5 to 20 deg/ sec. 

2. 2. 3 Abort 

The ability to abort the mission in case of a malfunction in either the orbiter 
or solid rocket motors stage is contained in the requirements from each of the vehicle 
contractors. The techniques employed by the contractors varied; however, each speci- 
fied that it would be necessary to terminate the thrust on the SRM's should an abort 
situation arise. It may also be necessary to destroy the motor case in order to make 
the motors completely nonpropulsive after separation from the orbiter. The abort 
procedure specified by the McDonnell Douglas Astronautics Co does provide abort 
capability and crew safety throughout the entire sequence of booster operation. These 
were typical of the requirements forwarded by the other vehicle contractors but some 
what more inclusive. For the purposes of this report, they have been incorporated bv 
Thiokol with one addition suggested by other vehicle contractors (ie, the ability to hold 
the vehicle on pad should a malfunction be detected after SRM ignition but prior to 
release). The model used by Thiokol is shown on Table 2-2 . These abort modes 








impose two requirements on the SRM's: (1) the ability to hold on pad during the full 
burntime at full thrust, and (2) the ability to negate positive forward thrust on the 
motors. Capability to meet these requi rements has been provided in Ue motors dis - 
cussed within this document. The thrust termination ports are not designed to flow 
for more than r> see. 


TABLE 2-2 
ABORT MODES* 


• Prior to Liftoff 

Hold down until SRM burnout 

• Liftoff to T = 40 sec 

Terminate SRM thrust 

Separate orbiter from IIO tank and SRM'S 

Ignite abort rockets 

Glide to landing (unpowered) 

• T = +40 to T = +85 to 110 sec 

Terminate SRM thrust 

Separate orbiter from HO tank and SR M'S 

Glide to landing (unpowered) 

• T = +110 sec to Staging 

Terminate SRM thrust 
Jettison SUM'S 

Use orbiter main engines and fly back to landing 

♦Derived from data received from McDonnell Douglas 
Astronautics Co. 


2.2.4 SI:; if?' Structures 

Thiokol has designed attachment structurr for both (lie series and parallel 
Itimi configurations. From tin 1 vehicle contractors requirements, it in apparent. Unit 
tlui complete weight of the vehicle as it sits on the launch pad must bo supported throii,>;h 
the solid rocket motors and that (lie structure must bo oapablo of holding the vehicle 
on pad at. full arbiter and SUM thrust. To meet this requirement, aft skirt structures 
liave been designed suitable for supporting the vehicle during assembly and prior to 
vehicle liftoff Interstage attachment structures for both the series and parallel com- 
figurations assume that all SUM thrust will be transmitted to the vohioie through stap- 
inp structure located at the forward end of the SUM. In the parallel configuration, 
attachment at. the aft end of the SUM will be sufficient to prevent roll and sway but 
the structures do not transmit the thrust load of the motor to the vehicle at this point. 
The aft skirt structure, for both series and parallel ooniiguration, has been sized to 
withstand the tension loads of the SUM and orbiter thrust and is designed to hold the 
vehicle on tho pad, without thrust terminating the SUM, should an abort situation 
require this. 


2.2. 8 Staging and Separation 

The vehicle contractor requirements all speoily that normal motor staging will 
be accomplished without thrust terminating tho SKM's. Two modes oi staging have 
been specified for the parallel burn configuration. The first is that a mechanical 
system will be used which releases the motors at the forward attach point just prioi 
to complete SUM burnout and allows the SKM's to drag-separate and fall away from 
the vehicle. At about 30 deg, a latch on the aft end releases the motors and they 
fall clear. The alternate concept considered is to use small solid propellant staging 
rockets located on both the nose cone and alt skirt of the SUM to iarce it away from 
vehicle. Thiokol analyses indicate that either approach is feasible and can be used. 

2. 2. 6 Electromechanical Display and Avionics 

Vehicle contractor requirements for performance monitoring data transient! 
to the orbiter were not documented in information received by Thiokol. Thiokol, how- 
ever, will furnish with each stage the necessary sensors, electronics, and circuits 
to monitor chamber pressure, m>U pressures, and nozzle position. 

A signal indicating the position (safe or arm) for the safe and arm device (8 & A) 
in the main motors, and thrust termination (IT) devices, destruet system, staging 
system, recovery system (as required) will, be provided for display in the onbiter. 

Although uot presently defined in detail it is assumed that avionics hardware 
will be required for additional onboard checkout, sequencing control, and data man- 
agement. 
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3.0 SRM STAGE DESIGN 


a , 0 m M .STAGE DESIGN 


a. i iNTitnnircmoN 

The do, sign for the SUM stages was influenced significantly by the m*«l «' 
mnitmlo llin vehicle and by the NASA guideline that a low program cost was 
essenUftl. To moot these two requirement!-!, Thiokol established the ground rules 
that demonstrated state of the art In both material* and do»ign techniques would be 
used In all components. The technology seleoted for each of tbo major components 
Is shown in Table !KI . 

The segmented steel ease will use the same laidish D6AC material currently 
being used in the Minuteman Stage 1 motor and in the 120 in. SHM lor the Titan UlC. 

Two nor, zle designs are presented; oao for a fixed nozzle, the other a movable 
nozzle for TVC. Both nozzles use materials and construction techniques similar 
to those used in the Minuteman, Titan IIIC SUM, and Poseidon missiles. Nozzles 
of both types have been demonstrated on 156 in. motors, I he movable nozzle l VC 
system uses a flexible bearing similar to those manufactured by ihiokol lor use on 
the Poseidon. This concept is presently used in both stages of the Poseidon. Thiokol 
demonstrated a similar flexible bearing on a 156 in. motor firing. A bearing oi 
this type also was manufactured and bench tested in a size suitable for 260 in. motors. 

The actuators for moving the nozzle are similar to those presently used on 
Saturn. The HPU used to supply power to the nozzle actuators is a developed system 
presently flying as an emergency power unit on the Concorde aircraft. 


The propellant selected is the demonstrated reliable propellant used on Stage 
I Minuteman. Thiokol’s Wasatch Division has produced approximately 125 million 
lb of this propellant for Minuteman application. The propellant is extremely well 
characterized. It has relatively high energy, good physical properties, and has 
demonstrated an excellent aging capability. 


The ignition system utilizes a head end mounted Pyrogen igniter similar to 
that used on almost all large SRM's. The propellant used in the igniter is the same 
us that presently being used in the Stage I Minuteman motor igniter. An S & A 
device similar to that used on Titan and Minuteman will provide a positive arming 
of the Pyrogen igniter. Redundant squibs with redundant wiring from the S & A 
to the Pyrogen igniter are used to assure ignition. 


Thrust termination ports in the forward dome of each motor are provided 
to terminate thrust in the SHM, should some condition on the vehicle dictate that it 
is necessary to abort the flight. Thrust termination is initiated by linear shaped 
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TNCI1NOMW3Y' J J'JVKl. 

HAfWblNK DKHltJN 



Fxperi 



Operational 

DrmoimlVMlion 

Case"— bullish 1 )(iA( ' steel 

Roll formed segments 

Minuteman 
120 in. Titan 1I1<* 


Nozzle— Standard composite: plastic 
construction , graphil Lc 
carbon cloth phenolic 

Minute an an 
Poseidon 
1.20 in. 

l !'»(» in. 

TVC— V l cxibl e bca ring 

Poseidon 

i r>(i in. 

APUi actuators 

Apollo 

Concorde 


Propellant—- Minn teman Stage I 

1213 million lb processed 

Minuteman 

Poseidon 

ir>(5 in. 

Ignition-- Pyrogen igniter 
Safe and arm 
Redundant squibs 

Minuteman 
Minuteman 
Apollo 
120 in. 

ISO in. 

Thrust Termination— Forward ports 

LSC 

Minuteman 
Poseidon 
Pershing 
120 in. 
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charges which cut ihrough the molor c;: 
Hinge Hi Minutemnn, Htagv 1 Poseidon, 
the n»0 in, MUM for Tilan MG. 


i ;;o. This technique is currently in hoc on 
Pershing, and has been demonstrated on 


Tho (-miration ol demonstrated materials in all eomponents ha;, the advantage 
lluit coat and per ’formance data can hi* supported 1 >,V actual mnnulaeturing esperietiee. 
Who iv choices existed in tin* demonstrated loehmilogy to ho uaod, the choice waa 
ha, sod upon toast program oust. 

Tho (Ionian approach to maurntjng was to design with well established 
materials, uso proven concepts and maiudnetui ing techniques, include redundant 
features wherever necessary, and use high safety fuelers. Design safety t actors 
were selected as shown on Table M-2. 
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SYSTEMS ANALYSIS SUMMARY 


A preliminary .Systems Requirements Analysis (Appendix A) was prepared 
to document the system and design requirements for the SUM and associated Ground 
Support Equipment (GSE). Tho analysis was conducted in accordance with the 
procedure of A FSCM 5175-5, "Systems Engineering Management Procedures" 
for expedience in preparation. 

The documents of the analysis were developed and used to establish the 
SUM airborne equipment and GSE configurations. The analysis was based upon 
data from the NASA work statement (Contract No. NAS 8 - 2 X 420 ) and from inputs 
and documents provided Thiokol by the various vehicle study contractors. Inlorma- 
tion was received from North American Rockwell, The Boeing Company, Lockheed 
Missiles & Space Co, General Dynamics, McDonnell Douglas Astronautics Co., 
Martin Marietta Corporation, and Chrysler Corporation. The analysis identities 
all possible aspects of the SRM system including those subsystems described as 
alternates to the baseline system. The scope and extent of the analysis was limited 
due to the time available and scope of the study program. Therefore, many 
blank areas exist throughout the analysis. These blanks indicate areas where 
further systems definition is required and/or more indepth tradeoff studies need 
to be conducted. 

The analysis identifies, to the maximum extent possible, the most practical 
and economic combination of airborne equipment, GSE, facilities, personnel, and 
technical data that best satisfy the system and design requirements. Where various 
solutions were available to solve a system or design requirement, a solution was 
selected based upon past experience to insure that the most practical solution was 
utilized to satisfy all requirements. The analysis approach emphasizes the philos- 
ophy of a minimal quantity of airborne equipment and GSE to accomplish multiple 
tasks. Traceability between all documents of the analysis has been maintained. 
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TABLE 3-2 

DESIGN SAFETY FACTORS* 

1. 2 proof test (on MEOP) 

1.4 ultimate (on MEOP) 

2.0 nozzle ablator (on thickness) 

2.0 case insulation (on thickness) 
1.4 ultimate on interstage structures 


♦Lockheed Missiles and Space Company 

Final Report, Alternate Concepts Study, Volume n, Part 3, pages 4-12. 
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3, 2. I Operational System Analysis 

The SUM stage configurations and nssoeialerl . 

Htudy, wore do«ig.i«a to satisfy all the mjuJirtWHtiM of liu- On. erm i™' 7 U,i " 
Analysis contained in Appendix A This \ . Relational, Systems 

design plus the J t LZl aid “ *" «" 
discussed i in alternates to the baseline. 1 , ’ ul) ' y " t(,,n ‘ 1 an<l «‘Mn|Kmonf.s 

ot' (kSlo/'L'(•lli^as! , mlmpow^ h ' Mi * tw ! * M^Jmlunry .summary 

huppou the SUM from ^ 

in order to form n basis ^ l mm\ysTs* C t!wnc ‘ uv,uag lho "l^i'ationai s«mmie« 

A * Thc grated Space Shuttle system orbiter or 

Sul r°V iU fUrniSih a11 "V*"* excitation and 
btm uli to iHiriorm a complete functional cheek of the 

1 VC system after SRM Space Shuttle integration. 

"• 0l ’ (lniU ‘ co unit lockout after Space Shuttle vehicle 
integration will be limited to monitoring to assure 

BUte or urm ( ' <mditio » : «‘ d connector mating integrity. 

3. Ordnance S & A devices will not be installed until 

SyStl!m tests - Emulators will be 

Ubed to this point, 

4. Checkout of the SUM before integration with the 

pace Shuttle will be accomplished to the maximum 
ex on possible to preclude a teardown due to anomalies 
lound during combined system tests. 

a. A low pressure test of the assembled SRM will bo 
conducted to cheek for leaks. 

The support base on which the SltM stage is assembled 
will have capability lor SRM vertical alignment. 

7 * '^r V !T^ liNe WiU b,! prov,dctl by the prime con- 
tractor /NASA. 

H * M:lxiim,m “““embly of SRM components will be 
accomplished prior to transfer to the Vertical 
Assembly Building (VAB) for SRM buildup, so far 
as economically practical. 


Shuttle vehicle. 

i 4 4 () ihe Kennedy $P ii0t) 
aii Hhinmcnt, o i HUM segments to ' 

l0 * C( , nif , r (K«C) will bo via rsu roa< ' 

« . froni vendors directly to the 

via common onrrloi- 

•U Vie provided from the exiBtvng 

M. A railroad to bo built «« 

“> “itt V^iolc Annembly buiW.UK- 
the Space bliuiu^ VVJl 

, r ^ the new Receiving, Inspec- 
, ., , r0 „,,„y will to built Erom the now «* space 

u - S.wS -* rec<, ' rory oapabllIts 

may bo required. the ass ump- 

, 2l l Functional Flow Diagrams leve i FFD’s 

** 2 * * n'FD’s) developed include top opm ent of 

Functional Flow WW""*, l to properly define n I ' eaBO ”“ bove UBt ed assump- 
with subflown to the !«£££"* ‘°£ F %, 8 aro ban^«^ Vnottonn 
tST S'fFD^u boon to the Space Shuttle vehicle 

3 2 1. 2 Systom Functional AnalyuW d „™ m ont the detailed 

KCUifoaicnt Allocation 

3S^SE35=»-.— • 
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The ***. moi— — : — T M 

*• — fr “ m wMoh *° <i<,bI8 " 

was developed. 


3. 2. 2 Maintenance Analysis 

Uuc to tho limited scope »n.ho mamt^re^hUofophy has 

— — * wift - study 

program. 

■• Errr:s«r.^-~-» 

or (3) at the vendor, as applicable. 

Maintenance performed at the site »‘U to idenWted 
as site or field level maintenance while that of the 
vendor or Thiokol will be identified as depot level 
maintenance. 

9 On pad maintenance will consist of removal and 
Of modules or subassemblies. 
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S. 3 STAGE DESIGN SUMMARY 


Four SUM stages were selected us 

of that required for the yarious shuU provision stage which will be assembled 

*• orbitor tank - T "° ,leslBns "* dlscusso 
in the following sections of this document. 

FtSU sedin a P lS 0 TrsBMttoge tor the i« “lei taro ‘configuration. 

TaWe?-^’ to'a performance summary oC this one-halt stage. 

Figure 3-2 presents one of three 15(1 In. motors which uro <*■££“ 
provide tlte SUM stage for the series burn configuration. Table 
performance summary for this motor. 

f fni ti* 120 in SRM motors for a parallel burn 
Figure 3-3 presents one of tom 12« ^ Table 3-5. 

configuration. Performance data fot this sta„e 

Figure 3-4 and Table 3-0 present data on a 200 in. stage for a sertes 
burn configuration. 

3.4 SRM STAGE DESIGNS 
3.4.1 Introduction 

The !50 in. SUM 

sis during the study. Consoque y , ' for aU large so iid rocket motors are 

than the others. Since the design ^ ^ parallel configuration is 

similar, most of the design \\oi v allclj and the 260 in. series configu- 

applicable to the 156 in. series, 1-0 i ■ I design, the 156 in. parallel 

ration. Rather than provide reduodtmt ( duU oon(1|SuraU „ ns are discussed 

- .. - >»• — - 

figuration. 


150 in. SltM Stage Parallel Configuration 


The 150 In. SUM stage for 1“^‘ 

- - - - - 

structure for attachment to the IK) tank. 


FLEXIBLE BEARING 

ATTACHMENT TO HO TANK MOVABLE NOZZLE/ 

I W THRUST UM» STAGESTRUCTURALSKIRT I 

IGNITER / FORWARD SWAY BAR I 

MAIN THRUST I / AFT SWAY BARS AND STAGING BRACKET M 

STRUT \J4/ „ 

(2REQD) .M4f T I! ’ L\ 




2S1.5 -T 224 -° 


| THRUST 
\ TERMINATION 
NOSE CONE PORTS 
AND THRUST 
ADAPTER 


1,509.45 


^ PROPELLANT 

SEGMENTED 
STEEL CASE 
(3 CENTER SEGMENTS) 


Figure 3-1. 156 In. SRM Stage for Parallel Burn Configuration 
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TABLE .‘{-3 


PEKFORMANC E SUM MAR Y 
1!> 6 INCH PARALLEL BURN CONFIGURATION 
(Two SRM's per Launch Vehicle) 


Performance; 


Average vacuum thrust (lb) 2,400,000 

Burn time (sec) 13 f> 

Operating pressure (psia) 

Average 830 

MEOP 1,000 

Vacuum specific impulse (sec) 270.9 


Weight 

Propellant (lb) 

Total motor (lb) 

Motor mass fraction 
Total stage weight (lb) 
Stage mass fraction 


1.214.000 

1.346.000 
0.903 

1.372.000 
0. 885 
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TABLE 3-4 


performance summary 

Ififi INCH SUM FOR SERIES BURN CONFIGURATIO 
(Thww SRM's per Launch Vehicle) 


Performance 2,970,000 

Average vacuum thrust (ID) j^r, 

Burn time (sec) 

Operating pressure (psia) 330 

Average 1,000 

MEOP 267.2 

Vacuum specific Impulse (sec) 

Weight 1,500,000 

Propellant weight (lbm) 1,654,000 

Total motor weight (lbm) 0.906 

WT Motor mass fraction 1,677,000 

^ Total stage weight (lbm) 0.894 

\ Stage mass fraction 
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120 INCH STAGL 





1 F l - — 1 " - , , - V.. M«i 

Hgure 3-3. 120 In. SKM Stage for Parallel Burn Configuration 





TAIYI.l'I 3~!i 


P flltFOIlMANOR SUMMARY 
120 INCH mu. FAHAM.KI, HUllN CONFIGURATION 
(Four SJIM'h pur Launch Vehicle) 


Performance 


Average vacuum thrust (lb) 

1,407,000 

liurii tlmo (sec) 

1 1 2 

Operating pressure (paia) 

Average 

GOB 

MKOP 

800 

Vacuum speeific impulse (hoc) 

270 

sight 

Propellant weight (Lbm) 

000,100 

Total motor weight (lbm) 

004,830 

Motor mass t raction 

0.892 

Total stage weight (lbm) 

042,241 

Stage mass fraction 

0.881 


3-14 



PKIU'OHMANt'K RU MMAHY 

iNf-ii rum von seiukh whin confuhihation 

(One RUM per Launch Vehicle) 


Performance 

Average vacuum IliviiHt (lb) 8,920,000 

burn time (nee) 1 (I ' 

Operating proHHure (polo) 

Average W,t() 

MKOP 1 •® (M ! 

Vacuum specific impulse (hoc) 20?. (> 

Weight 

Propellant weight (Unn) -1 ,1)00, 000 

Total motor weight (Ibm) 4 • '' ,72 • ( ( )0 ^ 

Motor mass fraction ( 

Total stage weight (Ibm) 0,020,000 

Stage' muHH fraction 0.800 


• „ . ,.,.,„vrrv BVHfm tor ton. sum mm *» con, “"’"“ 

A (iifiCUHHion on ft > f (OV< ' •* y 
Soolion r>.n. 

.. a >> | iiitnie Motor 

, r The HtftKo nontiinlo <»• lwo 

r ,«*. - 

J,nd «» 1h«* ||fM , 

Tho motor ironHtHto of ft t Ilrnt and thorn two no pr«~ 

sop, wont andlhrno oonlor ,„ AN ^.pollant to that y 

vliU tor TVO. Tho , iri; dinounnod Mo,, 

„u,.d in Htaifo 1 Minuiomnn. tin <u,t, b 
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l A i V A'l T ACM STRUCTURE 



AFT 3EQ5. 

















3.4.2. 1. 1 Grain Design and Performance 

The propellant grain for the parallel motor baseline design consists of 
three cylindrical segments with a straight cylindrical perforated (OP) configuration, 
a forward segment with a four slot, slotted lube; configuration, anti an ait segment 
with a tapered circular port (conical) configuration. The design is presented in 
Figuie 3-5. 


The design selected has achieved success in many solid rocket motor 
programs including the 120 in. Air Force Titan 111C, the Stage 1. Poseidon, Stage; HI 
Minuteman, the current version of the Thiokol-developed Pershing propulsion system, 
and 156 in. demonstration motors. The reliability of this design has boon demon- 
strated in flight in all of the above programs with the exception of the 156 in. motor 
demonstrations, which consisted of static tests only. 

Cost and development time savings are substantial through the use of the 
circular core due to the low initial core fabrication costs and ease by which design 
changes may be incorporated. The selection of the simple internal and end burning 
CP design has not compromised the ballistic performance of the design selected. 

The ballistic performance of this design is summarized in Tables 3-7 and 
3-8 and the thrust and pressure time characteristics are shown in l'igures 3-6 and 
3-7 . The main criteria used in this design were a thrust performance of at least 
70 percent regressivity (final thrust/maximum thrust) and an MEOP of 1, 000 psia 
upon which the case design is based. The resulting regressivity of this design 
actually exceeded the 70 percent goal, achieving a value of 0. 50. 

To achieve maximum loading density and provide maximum protection to end 
domes, the forward and aft segments incorporate propellant in their respective domes. 
Split flaps are provided at the ends of the dome to prevent possible propellant pull- 
away due to differential thermal contraction during cooldown from cure emperature. 
Split flaps will be provided at both ends of each main segment, and at the ends of 
the cylindrical sections of both forward and aft segments. 

The CP design is the optimum configuration for minimizing erosive 
burning. The design provides initial surface area, much of which is composed of end 
surfaces initially shielded from high velocity gases at the time when erosive burning 
tends to be most critical. The rate of growth of perforation flow area is relatively 
slow because of the low surface area, a factor which tends to extend the period oi 
erosive burning, thus avoiding sharp initial pressure peaks and gradients. The CP 
design also requires higher propellant burning rates as compared to star designs, a 
factor which has historically been observed to reduce the erosion burning increment 
of the burning rate. 

The tapered port of the aft segment was provided to redu e gas velocities 
and thus reduce erosive burning. 
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I )A II JSTK* 1» Kll l«*( )HMANC !•: HU MM AH V 

*^ H Cylindrical port 

Web fraction (%) ,. ()> , 

Chamber volume (insulated) (cm in.) 22, 420, 000 

Void volume (c;u in. ) ()))() 

Propellant volume (eu in.) jyy yyy 

Volumetric loading (%) ()> Hri(i 

Cross sectional loading (Ib/in. ) 1 t y > (> 

Initial Ap/At ratio (erit point) | 

Weight of propellant (Ibm) 1 1 ;»iy ( ooo 

Initial surface! area (sq in. ) y 0() 

Average surface area (sq in.) .*180,200 

Maximum surface area (sq in.) 415,400 

final suriucc area (sq in.) 25i) 300 

Dimensions (in.) 

Web thickness 50. 4 7 

Slot width .> y 

Diameter at headend opening gq 

Nominal CP diameter g,j 

Dianictci* at nozzle cutout yy 
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TAlUtK 3-8 


(!A1 


ATK1 ) llAi.USTIO PimhWUJAW* 
' Til 14:1/112 WUM'HI-I.ANT I.1IA1N 

Karo l«H> , * r, ’ !,a '“'' ) 


Tirno l, * n 

Will) Imrttlirn 1im0 135 

Action time (see) 

PrOMMlU’O MO 

Maximum chamber (L'si‘0 7#o 

Average web <|»Hia) 777 

Average action time ([*''*) 

Thrust 2,830,000 

Maximum thrust (U>1) 2,408,000 

Average web (Ibi) 2 , 450, 000 

Average action time (lb!) 

Impulse 33 1 , 300, 000 

Total impulse (Ibf-seo) 331,000,000 

Action time impulse (Ibf-sec) 270>9 


Vacuum delivered specific impulse 
(lbf-soe/lbm) 


LISS ilOW 

Propellant weight (total) (Ibm) 


0 y11 v 

ProiwUimt onliomloU during Action llm« “ 


a fimn 






1,218,000 

1,217,000 

0,030 


Miscellaneous . 

I>ro|H)UM>t burning rate (Uw) 0»° 01 ‘ 
Initini throat .UnmoWr tin.) 
ttertc average throat diameter (in.) 


Radial erosion 
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0.376 
45. 04 
46.86 
0. 0135 
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Tho naseline grain design offern the notonfinl n ; , 
tailoring without flaerilieing simplicity or ease of f h r ° hal,ifitio 

thrust rogmmivity can i)ov, ri!>flhu«o! / / frt,m ™ (l “n. *'«r example, the 

forward flegmont, A "fladrtlr" thrnri t ^ n u,torinR tho of tho nIutf:p<M;uhn 

^mtyXn^,n^ wMeh th ° *« initially highly 

adding ono or two I ( j uni ZZZ Z TT^ <‘Y 

gradual thrust dec!* ^rrtUm. * lm "" « 

liana* a slight oi the port t u*,moK» j> V«*« W V * V* 1 ' i° V< }, ‘ U HVii,( ' ln,i ‘ ,l) »'!>dera~ 

Hcgmcnt can ho employed lo achieve this hi, Jr “ 011,1 ’ iWl ,,ft ** n<l ,,! “*li 

Hogment would retain'd. lor each eylindriru 

;il "t. slotted tube < * on i n » ," J on ( M ^ 1 • i { ? Vlu * to" ^ '*>' auhatituting a lour 

configuration. JMarthoi inc!e!u:^in Zj? t Kmto » ** »* h'mln (U> 

shits iii un, slotted iuIh- fiiiirimiviiioiiH K |i,«, * t,v ' i!'! 1 *> additional 

thrust-time tra*. """"v “•*" 'll.,,.,. » "saddle- type 

^wtMuting a c 1 ‘ corn 

humped performance characteristic of « ni m ’ ' <l "’ will yield the slightly 

sat ' 

- ta - -*■ ~ rrsriitis siss 

Mltfaees betwcmi HcwiitS^ri'io^ maxtaumi' hy , Ule |iro|„dhmt 

that caa ho *5^ Tu. *”*'**'*' *""* 

tlon. Hurntlmc and tlirasUovrf' gral " collfi B"™- 
pressure, propellant hunting rate. or a comhtaati™ otZhLZ^^ 

can be Setntta t ‘° *?. variatioi, whtch 

ease design. Further thrust-time flexibility e-mbf I-eVliftT 1 '’? U ‘“ tas “ llnc 

operating pressure. ^ can x lc d ^zcd by increasing motor 

tareas!!^’^^ "*** ** «■*> '» oBect a bun, time 

elmmber m easure eem’l-S 'I sT rah ’ whUo 1mW ‘"S *0 operalienal 

system (whteh him i^m tlif J**"?, -—r pressure fur Oils 

prcBKiiroM used tor this motor design! 1 * d) ia mt likcl y nmdl *««« than the 


:t-2r. 


j >1 area ratio (erofuvc burning ci itciift) 
density within the Umits of port area- • ^oh effects a reduction in <*aml*r 

zztjzz -..»—• 

Therefore, to Increase 

’ ,.. , fo „ ihiq motor by reducing t;h(< 

A 33 sec increase in burhUme canbo ^ ,, bul> „>o.- prunm™ 

sft- » “ = 

^ b e ««-— * *■ mo “• const . int 

Further increases in burntime ran be ach = ^"^h ' 
while reducing the burning rate. Tta , "** “xi^m burntime available using 
tutor reduces the meter — "* *"“* 

SSSSlmOOOK respectively. 

fro . n r 
f . , • eu 4Vr,mgiwork oi the baseline 

There Is not a great deal of flexibility cj ^ ge the chamber pressure 

design, for (be reduction of the b ^"f“ e constraints)> and increases in propellant 

cannot be increased (due to case d . gn modest propellant burning rate 

burning rate are somewhat limited fwun 

development program). wlthout modifying the 

Thus, the burntime can be t0 incr ease the burning rate. 

^ 

However, only minor 

to effect more substantial bu ™ ld res ult lit a small redaction o vo tunc 

-case tn motor longte. 

A parametric analysts \ 

^ a funetton of tbc Pcrceat chttchce 

in their web burntimes. 


n, of *» , 

ihmot imhnlnnoo produced ft™ of the do«i,w>. **«’£*'• 

function “f Pewent vitrfofl"" I" * . jmh ulnnoo of (.renter than »»> nnl11 "" *> ,l 

u»> l»«* ,tan " ,w " !n !C “n "xroor. of «. 0 pcrceril.. W* 

„ «»«- —• 

.».!«.) ifniw . ^-ti" a 

to pro. luce flic rapid ''7Z' lXf erosive burninK will produce a nln:M 

variations In '* «™ ' ' ,, b ' , a r whirl. prevento Uw »ufilu»l-.u>«nHi. 

. .. ... 

tb» uw t> 

s d «5»“*Su:r. ^ <■* «*«*• sim,tor “ Mt cm J< 

The Mmr HOT* du»l|tn» tavu 

thrust performance mr woj. tuna ; aijlho ^ n „ ore Knuta ul thrust docay. *»•* 

ss:s:»m— — »-» — - 

^Minm porlbrmuium * “ U *” *"•» 

As indicate' Kami. #» »>““ * 

— rsr "s" ** a ■*"* 11 

of the design with the 5 sec tailoii. 

An analysis of tbe 

motors for the Space clsMcrcd the effects of burning rate 

greater than 0.77 percent, llns ana y than 0.3 percent) mid the. 

variation between in Figure 3 -» depicts this 

variation in nozzle eiosion rate, 
limiting value. 

Figure 3-10 Is presented us mi aid from web 

-"'Vtis'ents behavior for a web — e vanalion 

at web time instead of in pound-lurce units. 

A so, ary of delivered ^ - 

*%% n * m ln 


VACUUM THRUST IMBALANCE JLB) 



Figure 3=8. Maximum Thrust Imbalance from a Pair of Motors as 
a Function of Burntime Variation for Motors 
with Various Tailoff Times 






Figure 3-9. Comparison of Thrust Performances 







JW17C-28 



Figure 3-10. Thrust Imbalance from a 
of Time from Web Burnout to 


Pair of Motors as a Function 
End of Action Time 
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THRUST IMBALANCE - PERCENT OF THRUST AT WEBTIME 


120 



PERCENT DIFFERENCE IN WEB BURNTIME 


1 3(il75-87| 

Figure 3-11. Percent Web Time Thrust, Thrust Imbalance Produced by a Pair of 
Motors of a Booster System Shown as a Function of Percent Difference in 

Burntime Between Motors 
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Specific Impulse vs Expansion Ratio for Various 



sshx to , “ !rfoi ' |n »K'c 

Parameters *5- <*“« 

» ta ir ^ 

I ORcnts the results of this analysis. ’ ‘ f )ro l*Uant 

=£~~™ : ~ ■ -*=ssrs ■ r— —■ 

^ -*•:£» irises; 

ta heW ^ PeS 7„ S oSr S has Sh0 ” «* *• p-pellant weight ea„ 

produced which'e^Tib ithf dl ! rin8 ' the s P® Ce Shuttle Program m • 
the «* motors). bUr "‘" S ~ «"«— no heater 

^WTOlte^^“ P S e t dt '' m ‘'" ““ vartabili (y to the 
combinations of the parameters . “o' 8 are generally dependent on various 

affijKasKis* tssr c - ;i 

Of a pair. “«tmum burnttme difference of o. 77 mfre™, L . rcsulli niS 

i Pt-rcent between motors 

Experience has shown tho* tu 

ThC aVeragt ' ,hrUal " * repreeenled by toe e q „atit»,. 

Average P . Toialimpulee/burntime 

Thus, the coefficient of variation i« « 

coefficients of variation 8 “", of too 

pairs of motors 811118 * VarU ‘ t ‘ 0 " ° f 77 fc'cent about toe uveruge torust tor 
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V : 

TABLE 3-0 

performance variability summary 


Maximum Deviation 
About the 
Average Value oi' 
Two Motors on a 
Spam* Shuttle* Booster 


Dai tiillYI llte VY* 

(%) 

pitrMiiu'w * > > 

Specific impulso (sots) 

40.00 

Total impulse (lb-sec) 

40. 07 

Burn rate (ips) 

40. 30 

Propellant weight (lb) 

40.30 

Burn time (see) 

40.38 

Average thrust (lb) 

40.77 

Average chamber pressure (psia) 

40.38 
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. 91 , j ruaiin Stiwd»rnl Analymfi 

. 4. a. * * 1 • ■*• 


- ic^rrr;^' 

:ss»; “'“ 8 

stJ’css relit 1 . in wc b fraction and 

(rt () f grain structural analysisis K j smooth or cylindri- 

- — S cr 

has a wob traction ot »•£• to a cl , ,*#, , web fraction <>t O.M. 

St*' 1 MinuU '” um “ c external boundary or cuse- 

llte f,t, — — U « 

« ral “- H ° WC T' 1 \une d “ma^”‘ milar t0 * he **** 1 

iiii=553S^ 

center segment. oropc ttant structural 

aa6C IPOBelJO ” - 

Ml " UU A discussion of tlic only «rai« ^ 

, , v ,ln stresses anti deformations due to boW r ..tresses 

order here. O - 8 i/.e dependent wheieas c M i nu teman analogies 

and vB.rati.ntal lottd . ) ^ _ tho SUlgo , Poseidon and MinnU ^ ^ ^ ^ 

s^^£s5.ar3B3»->- 

150-1 motor, the « W mu 
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aflor tho core mandrel had been removed. Kven though the motor was , still warm 
(propellant is. softer when warm), the thermal shrinkage more than compensated 
lor the filum'i deformation. In other worda, at the bore, tho down end (if tin grain 
wan above the level, at which it had originally been cant due to thermal shrinkage an 
shown in figure .‘i l l. 

As can he observed nlx.ve, the Space Shuttle solid propellant booster motors 
will undergo less severe grain structural loading than experienced by the Stage I 
Poseidon or Minnteman grains. Yet, these latter two motor;; have been fired 
reliably after significantly more stringent environmental preloads than the space 
booster motors will expen jo nee. Since the space booster propellant is of the same 

family as Poseidon and Minnteman, one concludes that it also will he a very reliable 
grain. 

'll"' prim ary loading conditions Inducing stresses and strains in a solid pro- 
pellant rocket grain art' cure and thermal shrinkage nut I motor piessurixntinn. To 
a much lesser extent, vibrational loads due to transportat ion and handling and launch 
vibrations induce grain loads. Storage slump and launch also induce grain stresses 
and strains. The larger the motor the lower the launch acceleration will be so that 
storage and launch art; nearly identical at 1 g body force. The vibrational loading 
18 imlikol y 1)l ' deleterious as shown in a recent Stage I Mimiteman program. An 
iiged motor grain was instrumented with grain stress and strain gages, and then 
subjected to transportation and handling tests. The measured stresses and strains 
were very low (1.8 psi) with maximum bondline stresses due to (I. Id g at Ml Hz) 
vibration caused by the transporter being driven over a board coarse. The maximum 
bore strains were on the order of 0.000ft in. /in. Although these loading conditions 
should not be ignored in a detailed structural analysis, the thermal and pressure 
environments the grain will be subjected to must be considered as the severest 
grain design requirements. The only known solid propellant motor failure attributable 
to a vibration environment was a small tactical motor under unreal and ultrasevere 
test vibrations. Normal large motor handling and transportation devices or even 
vibration testing devices capable of inducing such unreal loads into a large motor do 
not c?d3t. 


The capability of the Stage 1 Minnteman to withstand extended cyclic loading 
was demonstrated for transportation environments. Kesults of the test program are 
shown in Figure 3-15. The load composite for typical 10, 000 mi of highway travel 
was measured. Two motors wore subjected to the high load fatigue environment by 
tnmsportingthcmacruHs an obstacle course. The motor response was rigid body 
pitching for both the highway transportation and the obstacle course tests. One 
motor was subjected to a more severe environment in a vibration facility where it 
was excited in a tlexural mode (both ends in-phase translation). A high degree of 
confidence was demonstrated when all motors fired satisfactorily alter being sub- 
jected to these severe environments. Therefore, transportation and handling and 
launch vibrations must be considered as secondary structural loads. 
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Figure 3-15. Summary Comparison of Load Composite for Typ 
Miles of Highwav Travel va Load Spectrum Experienced 
by Fatigue Test Motors (Stage I Minuternan) 
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Normal solid propellant rooked motor processing for the type motor studied 
requires an elevated propellant cure temperature on the order of 18!, 1 (<’, .Since 
the motor case has a coefficient of thermal expansion I /to of that of the propellant, 
thermal cooldown loads the grain. Koine polymerization or cure shrinkage occurs ’ 
during the* Id IV' F cure time. In large motors, this shrinkage is equivalent to <i" F or 
less of thermal cooldown. Thus, for a motor to he tested at amiuent temperature 
(70°toK0M-’) the effective differential thermal sli rink age is t»0" to 70 I-', Thermal 
changes on largo motors have the greatest (’fleet on the grain when the entire grain 
has reached thermal equilibrium at the lower temperature. Fortunately, the cqai- 
libitum temperature ol these large motors cannot be elia.iig'’d rapidly. As < I iscusse; I 
elsewhere, the natural driving temperatures necessary to produce large’ differential 
grain tempoi alures do not occur in continental United State’s, fence, a realistic and 
practical design environment would be about (JO" F or an effective thermal differential 
environment of 81° F. 


Ihe motor operational pressure environment for design purposes is usually 
based on maximum expected operating pressure (MEOP) of the motor after pressure 
equilibrium has been reached, ihe predicted pressure trace of (lie Space Shuttle 
boosters is near 800 psia. A conservative MEOP, then, would be 1,000 psia where 
both burning rate and grain temperatures are considered in this MEOP value. 


The Space Shuttle SUM grain consists ot propellant, liner, and insulation 
which are all viscoelastic materials. In other words, the material mechanical 
behavior is time and temperature dependent. To illustrate the mechanical behavior 
of a viscoelastic material, Figure 8-1 (i shows a typical propellant stress relaxation 
modulus vs temperature and time. The high and low end of the modulus curve arc 
denoted as glassy and equilibrium behavior. Liner and insulation have similar 
characteristics, but different time and temperature sensitivity. Large motors 
cannot be thermally changed rapidly; thus, propellant under thermal shrinkage load- 
ing will exhibit equilibrium modulus behavior. Conversely, the motor press irization 
takes place rapidly; and therefore, the effective propellant modulus value will be 
gt. eater than equilibrium but less than glassy. The grain pressurization time and 
temperature are not particularly important in a steel case, however. Basically, 
the propellant, liner, and insulation are incompressible materials when contained 
in a steel case; thus, the material modulus has little or no effect on the propellant 
strain due to pressure. Also, thermally induced bore strains are only a function 
of the thermal coefficient of expansion and Poisson's ratio. Consequently, bore 
strain predictions for the important loads are modulus independent. Typical stress 
analysis input parameters for the grain materials are shown in 'fable 8-1 Q. 


fluokol has demonstrated in Minuteman and Poseidon programs (hat a ma 
failure criteria is very accurate at the grain bore. Hence, 

V? ini' » v ) l* • i m t \ »* /.f t tiff, ti, . f . L .11... j « ■ . < 


mum principal strain ouiuxe crueria ts very accurate at the grain bore. Hence, 
grain structural Ix’havior parameter of interest is induced Imre strain. Figure ;Y-i 
shows a typical strain vs strain rate curve for TP-Hloll Stage I MimP email propel I 
of t,H ' <’«» ve represents long term (thermal and slump induced) ty 


The far right sid< 
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TABLE S- 1.0 


STRESS ANALYSIS INPUT PROPERTIES FOR 
SPACE SHUTTLE BOOSTER PROPELLANT GRAINS 


Material 


Propellant 


Liner 


Insulation 


Case 


Shrinkage 

Thermal coefficient 


of linear expansion 

-5 

~6 

-6 

-6 

(in. /in./°F) 

5.24 x 10 

45 x 10 

40 x 10 

6 x 10 

Poisson's ratio* 

0.499 

0.499 

0.499 

0.27 

Modulus (psi) 

150 

130 

1,600 

30 x 10 6 

Pressure 

Modulus (psi) 

1,000 

130 

1,600 

30 x 10 

Poisson's ratio* 

0.499 

0.499 

0.499 

0.27 


♦Poisson's ratio is near or at 0.5 but a value of 0.493 decreases computer 
running time significantly without serious effect on the results. 
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table s-ll 





Space Booster 
rv.ni or Segment 

Stage l 

Minute-man 

Stage 1 
Poseidon 

Trv-ul Condition 




Shrinkage to 60° F 

Bore strain (in. /i n *) 

0.033 

0. 105 

0.056 

Propellant strain capability 

0.17 

0.17 

0.17 

(in. /in. )* 

O A 'l 

0.08 

1.02 

Least margin of safety** 




Shrinkage plus 1 g vertical slump 
Bore strain (in. /in. ) 

0.033 

0.113 

0.0 

0.057 

0.99 

Least margin of safety* 

2.43 


Pressure 

0.044 

0.100 

0.149 

Bore strain (in. /in. ) 




Propellant strain capability 

0.38 

0.38 

0.38 

(in. /in.)* 

Least margin of safety** 

7.6 

2.8 

1.6 

Combined pressure and shrinkage 




to 60° F 

Bore strain (in. /in. ) 

0.077 

0.213 

0.213 

Propellant strain capability 

0.38 

0.38 

0.38 

(in. /in.)* 

Least margin of safety** 

2.29 

0.19 

0.19 

"TpropeUant capability = u 8 cd lower three 3 i S ma 
‘ ^inability 

strain 


** Margin of safety - reduced * 1 - 

,5 
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3 . 4 , 2 . 1 . 1 . 2 Pin mo Charaete ristie a 


Iho Space Shuttle booster motors produce a largo exhaust plume. An 
analysts was performed to determine the size of (he booster motor exhaust plume 
and also provide a description of some of its properties (velocity, temperature), 
llie booster motor operates between sea level conditions up to about 100, 000 ft 
altitude. Analyses were conducted for plume conditions at sea level and 100, 000 ft. 
Also of Interest was the exhaust plume from flic TT ports at 100, 000 ft altitude. 

The sea level booster plume was analyzed using an exhaust plume model 
which includes plume mixing and afterburning in air developed by the Naval Weapons 
Center (NWC)*. The NWC exhaust plume model along with models developed by 
Lockheed Propulsion Company and AeroChem Research Laboratories have been 
evaluated by Thiokol** to determine which model shows the best comparison with 
test data. The model evaluation work indicated that the NWC model was more 
accurate than the others. The analysis also indicated means of improving the pre- 
diction capability of the NWC model. These improvements have been incorporated 
into the NWC model at Thiokol. This model is now used to predict the characteristics 
of low altitude, low speed, and nearly optimum expanded plumes with negligible 
missile base effects. The Space Shuttle booster motors at sea level fit these 
conditions. 


The results of the sea level Space Shuttle booster motor plume analysis are 
shown in Figure 3-19. The lines of constant temperature and velocity give a good 
description of the plume size and physical makeup. The reaction of the exhaust 
gases with air (afterburning) causes an increase in temperature within the exhaust 
plume. The afterburning of the exhaust gases and air also causes the plume to be 
much larger than a nonreacting exhaust plume. 

The booster motor plume at 100, 000 ft was analyzed using a method of 
characteristics solution for supersonic flow of an ideal, frozen or equilibrium 
reacting gas mixture (MOC)***. This type program has been used extensively and 
has been accepted as the standard means for calculating exhaust plumes at high 
altitudes where afterburning does not occur. The Space Shuttle booster plume was 
predicted with the MOC program using an ideal gas solution with equilibrium 
chemistry. The results of these predictions are shown in Figure 3-20. The plume 


* Victor, A. C. and Buecher, R. W. , "An Analytical Approach to the Turbulent 
Mixing of Coaxial Jets, " NOTS-TP-4070, Naval Ordnance Test Station, 

China Lake, California, October 190(5. 

♦♦Webb, J. K. and Smoot, L. D. , "Comparison of Rocket Exhaust Plume Microwave 
Attenuation Prediction Models," Thiokol Chemical Corporation, to be published. 
♦♦♦"Computer Program for Nozzle and Plume Analysis, " Thiokol Chemical Corpora- 
tion, Program No. S3 179, February 19(58. 
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Exhaust Plume, 100,00C 






„, w , lch ,y, ,*«* structure, and Ihm. of constant temperature aim an- show, *» 
Figaro ;i-20. 

" U ' ?* T* " £Z‘.' ^ ^muSnTtn^ J la W exhaust phune. The 

uXmm i^teiume omaT 

x'csr - ■— - * - 

The exhaust plume predictions toe the 1M In. parallel motor discussed 
,U,ove can bo used <««*•* 

pC.'t3to‘teal radius. Therefore, to obtain a 

the data presented above must be scaled by the ratio ol throat ladn. 


3.4.2. 1.2 Propellant 

The propellant selected is the Minuteman polybutadiene acrylonitrile (PBAN) 
propellant. Thiokol/Wasatch has processed 125 million lb of t is propc 

In making this selection, it was considered necessary that the propellant 
meet the following criteria,. 

1. Have demonstrated ballistic performance and 
mechanical properties. 


2. Be readily proeessible in volume quantities. 

3. Have adequate sources of raw material supply 
available at reasonable cost. 

4. Exhibit a high degree of reproducibility of both 
physical and ballistic properties. 


5. Have a Class 2 explosive classification. 

Kxncriencc in the use of propellant based on PBAN polymer has been gained 
during a period of more than 10 years. This experience *» trora «? 



reproducibility % , 

predicted utilising laboratory and subseale motoi data. 

■n,„ successful history in the use of this basic i>,u„h XUu at prides 
confidence thni the SUM booster for the Spare Shuttle system eu„ no des.gneo ...... 


3-5.1 


. A m i n or propellant 

- xs&rr 

s::^ -x:r ss^ - - •— n l " 

Of determining tb» 1 ' , ., no reenfnge. 

'ind/ov tilt* required vnm ()1 voroidnn |»»np.ri"H i 

‘ , th stage 1 MhnUoniim and . *, (lX , V( , in ely high. 

Ik**i»»nr of «j«; pvo|.el1:mlH on 1 U A ^ ^ N \ m . 1 v ‘ ‘ ■ t* pi-oiwHnut 

tin' demonstrated volo. n V J of nn.fo.-o urrt.M ^ ^WhiUMl <» »«'<> 

There have ™ f, 1 hi ever been any hidicathm 

forniuWl 0 ’^ jjJin'lhi' «*““ h "* 

pX^lhuif Vl ' n '" V, i, n , ir le.'i:;Uni;. 

--- 

1 rr; : ^ > 

: 

Minutenvan motors^ h. pln tueuf pr»perttes <>» 

this propellant (Uuoko m ,„u y being ^ *J» l,U * ' 

,M, p rope Hants ha^ , ^|-| lt ^ ^ ropelhud ?h 

motors. The present eob 


. The present c oot vieuuin couth lions) 

litre will consist ol easting ( untt ^ completion of 
Thc lllU i ii»«i c “® m hr «t «>«• 

propellant directly «i , an d the segments at is cooled down, 

casting, the vaenun, .»«* — _ removed ^ , mJ final «*»«» ' 

temperature. Attei cu . « for nondestUK • • . _ , ntcd ln the matin- 

factoring plan. .umropriate intervals, 

-coasting. 

BnBWttc test SJ ”'S^ ( ^ 8C proi , dlant sawptes. 0|K ,llant (tn»» srgntent). 

ai ^M. (11T ,, t() Is . relatively new tml 

VnlvtaUuUene ” ' TM okol ban ever * yea, .. 

Uydrosol ei min. _ ^ mv ln 8 olhl t*ropt lh« • propellants. 

Mixes an lat go as » 
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l*IUU*KU,ANT l*AHAM MTKUiS 


Tvi“* 1*1 IAN 

Thinl.nl do; donation T|* || lo | | 

( mil inn 

Almniiiiini 10.0 

Ainrmiiiiiim poivhlnrate ('/„) '/o.o 

liimli'i' (';„) 11.0 

Theorolioal Iheriiinrhondeal dala (ivlemme rnmlilionn) 

Charurlrrmlie volonly (I'pn) 0,180 

C 1 1 \. fX|Miiicnl 0, 0007 

Ihi ruing cah' ruHlirh'hl exponent o. , r > 

Kxpanuinn ratio ID 

Chamber iiperil'to lioat ratio 1.148 

Kx>( presiutro ()l*/at| in. ) L0 . I 

Chamber pressure (lh/st| in.) 1,000 

I’.. temperature sensitivity (;r. /tit')*) 0.0015 

I oiniH'rtitnro exponent 0,0848 

Density (III /on in.) 0.004 

Theoretical vaouutn specific impulse (see) 280. 2 

Chamber temperature (°K) 2,402 

Molecular weight of exhaust gay 28. 5!) 

Phys leal 1 1 ro| to rties 

•Stress (psi) 95 

►Strain at maximum stress (%) 81 

Modulus (psi) 491 

Strain ;it rupture (%) 80 


Haw ver, further development; is re |iureu to <|ii:u ny 11 1 n, t . i-. • 
dhulth* application. 

Sim-c experience In limited using Utif* propellant system, Ira; <ouh<l< ur< 
rxial.a in its V( liability. However, itulu: I r.v experienrr m that •< Ii.iIhIiK 

could he expected. 

'I’hp jiii'PB polymer does uni contain carboxyl *-•» H m »n, . il.rivl'uv, n«* I *.v * I * ■' 

bonds rxisl an they do in PHAN to raise propellant viscosity. Thcivlnrr, al the 

},iutu» modular weight, IIT)»H liar, a lower viscosity : at the same solids loading, 

tin* no prop; 'Hauls arc easier to process. Thinkol has doiooiisl rated solids loading: 
as lii^li as IK) percent and these propellants have been sealed up successhiHy m 
lfiO gal vertical mixers to tile l»!>00 Hi balen si/.c. 

Burning rates of O.H to 0.8 ips at 1,000 psi have Been obtained with 00 pnn-n 
solids propellants. Higher and .ovver burning rates could lie obtained readily at 
lower solids loadings. Again, because of the low viscosity oi tile HTPB polymer 
burning rate, tailoring is easily periormed. 

While the' aging characteristics of these propellants have not ! -vvn studied 
extensively, the results after I year indicate excellent aging stability. Additional 
effort is underway o extend this period of time. An additional advantage of HTPB 
propellant is that a lower temperature cure can be obtained. This allows a reduction 
in the thermal shrinkage of <iu propellant and thereby reduces the thermally induced 
stress and strain in the propellant grain. 

As previously mentioned, Thiokol has over 10 years experience with IMlAN 
propellants and while they have as much experience as anyone in the industry with 
11TPB this amounts to only over 2 years development experience. No production 
motor experience is available tor HTPB propellants. 

Propellants based on PHAN must be considered more reliable than those 
based on llTPB because of the vast amount of experience and data available. HTPB 
on the other hand, may prove to be just as reliable when more experience is gained. 

It is possible to obtain about 2 percent higher solids loading with H I PH 
propellants than with the PHAN propellants. It is further significant; that the H I PH 
would have as good ov better mechanical properties and equivalent processing 
eharaetcrisiticH at the higher solids level. 



1ITP11 in more versatile than PHAN becaime oi outlier processing wlurh 
allows a wiilor range of particle size distribution!; and because of llu inherently 
lowi* r burning rn.tr of tl»o ilTPJi propellants system. 

I'llAN propellants have demonstrated rxrrlJrnl. long term aging ehuraeleiisl ies. 
IITI'li mav prove to age eouallv an well but comparative data an not available 


HTPIS in (superior to PHAN in all pertinent ehsrseteri , sties al any given solids 
loading' and ban the flame meeltanieal properties at approximately pereenl higher 
HoUdfl loading. 


IITI»I>,, because of its lower viscosity, is easier to process than PI’.AN. 

Both propellant .system a have been successfully processed at 8.8 pereenl total solids 
and, while they both are slightly psemloplaslie, both can lie sueeessUiUy east man;', 
very large motor techniques. 


The current price of PHAN polymer is $1. 40/lb while that oi l<— d ;»iVl. 
is $0.54/11). However, the H-45M does not include antioxidant. or Aerospace ijualii.y 
Control standards. Areo Chemical, flic producer of H-45M, estimates that at a 
production rate at 1.8 million lb/year they can supply U-45M. containing an antioxidant 
and with Aerospace Quality Control standards at $0. tiO/lb at bulk quantities and 
$0. (54 /lb at truckload drum quantities. In large production quantities, it is estimated 
that the comparable price of PHAN could be as low as $0. 80/ib. 


Although HTPH propellants show promise for future, long range utilization 
they were not seriously considered by Thiokol for Space Shuttle applications. 
Considerably more production program experience is required before these 
propellants can be considered qualified for Space Shuttle use. 


I 



:i.4.2.i.n Case 


Tlu! basic design of the ififi in. diameter Space Shuttle motor cnw wmilil he 
essentially uiml'feotod by tins typo oi' material ultimately selected foniw in tin* 
however, the fabrication techniques would, of course, be grossly dillemii. 

The baseline ease consists of a cylindrical tube, dosed :M the ends will) hvo 
hemispherical end domes. The entire assembly is subdivided into five sections 
(segments) for purposes of convenience in transportation and handling. The three 
center segments are 2 HI. 5 in. long and are cylindrical in cross section. The all 
and forward segments contain 224 and 1.14 in. of cylindrical length, respectively, 
and also include hemispherical end domes with reinforced polar cutouts of the si/.e »v 
quirod to accommodate the nozzle and igniter assemblies, respectively. At the min 
section of the domes and cylindrical sections, both fore and aft, thickened tapered 
sections provide tor the attachment of an additional short cylindrical member. The 
thickened tapered sections are referred to as the Y -rings and the short cylinders as 

skirts. 

The function of the Y-rings is essentially twofold: (!) to provide a convenient 
means of attaching the skirt without having to weld directly on the pressure dome, 
and (2) to provide a gradual transition of thickness which tends to minimize discon- 
tinuity stress in the area. A somewhat synergistic effect realized from the Y-- joint 
structure is that it also tends to help spread out concentrated loadings induced onto 
the skirts by such items as point supports and thrust reactions. 

This general type of Y- joint design has been utilized in numerous successful 
rocket motor ease programs including the Stage I Minuteman case and previous I •»<> in. 
demonstration rograms. 

When cutouts arc made at the apex of each dome to accommodate the nozzle 
and igniter, additional material must be placed in the bore ot the cutout in order 
to partially replace the stiffness of the membrane, which is lost, and to provide a 
mass to which the nozzle or igniter assembly can be attached (in this case bolted). 
Ideally, the combined stiffness of the reinforcement ring and the added component, 
exactly replaces the stiffness and displacement characteristics of the lost membrane, 
however, in actual design practice, this condition is never quite obtained and there - 
fore additional bending and shear stresses (discontinuity iorces) are induced into the 
dome. A gradual tapered transition is provided to help attenuate these additional 
stresses before basic dome thickness is reached. 

When TT ports exist, the same discussion applies. In fact, one significant 
advantage of a hemispherical dome design is the true circular locus oi the intersec - 
tion of a hemispherical dome and a cylinder whose centerline Is normal to the dome 
surface. 
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The cylindrical skirts have proven to lie- an efficient way <<l tvMcimr ,fi» (l " 
and support loads normally encountered in conventional solid P ••«•!» * 
application s. Kach of the individual segment, are -meet, id »V ;• u ^ 

type segment, joints. This general type ol joint has enjoy, d . ... » ^ • 

motor programs. Thiokol has successfully huill and tested doth I, • • 

diameter eases using the clevis joint concept. Also in preparation lot t w v.e 01 ' ''' M 

was accomplished in order to demonstrate he In so 1 

«.ty 0 , In n.Ulitiol .'M-Ooo,:, . ■* -• 

on motors also have uliU/.ed the clevis joint concept on a sueees.dul b.,o ... 

Two variations of the clevis joint, arc: the tapered pm '* J,,, 

The tapered pin was originally conceived to insure mterclmngealul.ty l»« Ui . - . 

M on at, l o«» ? n.;.y. Thu 

fully employed in both 12(1 nmt 1 M In. hIm*. In Imlh onsun, com, j 

ta b Jucn augments at any elroumterential uriuntnUon was .rt.-. . A, 1 

industry experience In Ihu Titan prog-ram has surv.nl to ' fj will, 

thu proper use of good tooling techniques, inturchan B e.il>ility ol. ' 

the straight pm joint a.ong will, the cost, w.. lB l,t, 

with thu straight pin concept. For thus.. was 

for the 156 inch space shuttle ease design. A circumft.icnt . 

selected for pin retention. 

The functionality of all subcomponent designs employed m t he selected case 
design has been amply demonstrated in previous large case programs. 

The following requirements were established for the design of the 156 in. 
diameter case. 

1. All associated components: case wall, clevis joint, 
dome wall, dome reinforcement area, etc, are to have 
a minimum safety factor of 1.4. The gaiety factor is 
defined as the predicted stress limit (maximum expec - 
ted) loading, divided into the minimum ultimate strength 
capability of the component involved. 

2. The assembly shall be capable of undergoing a prolimi 
nary hydrotest of MEOP (1, 000 psig) plus 20 percent 

or 1,200 psig without gross yielding or excessive perma- 
nent deformation in any component. 

3 . The assembly shall be capable of repeated reuse (recycle) 
for 10 firings and associated 120 percent hydrolosts without 
any behavior in violation of item 2 above. 

4. The assembly must be capable of withstanding the tigois 
of ocean recovery with its associated high velocity impac, , 
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pern iliMitiim and support loading. Al Ihie lime, 
recovery environments ami roquiivinmiU; are In In* 
determined, however lypicvil requireine " '.h would hr. 

• 100 fps i m paot 

• ( 5(1 ft total submergence (nose tip) 

• 20 |>,si max saddle pressure on seeondnry ml fy 

5 . The assembly must he capable of neeepling a salt water 
environment for a reasonable period of Immersion, wilb 
out any deleterious effects on the functionality <>l the 
ease. 


In addition to the above listed requirements certain additional requirements 
also arc imposed for convenience and cost considerations. 


The assembly must lie capable of being statically fired 

• t -• . , ..(• j, .% 1 nU<i«ulo ti»V% » 1 r \ ennrmHmi fYhlv ill tf)C ftkiVl 
III u mil i/.uintu - •• v 

ends. 


2 . The individual segments must be capable of SO psi 

Pnorana-Urip pressure over a 10 ft length while being 
held circular at the ends by a spider arrangement. 


The fabrication technique to be employed for the ease is highly dependent 
upon the material from which the case is being fabricated. The basic DOAC material 
will be vacuum arc remelted and made into ring rolled forgings tor spinning ol the 
center segments and into hot or cold forgings for the dome segments. 

Present spinning and heat treatment facilities require that the maximum seg - 
ment length be limited to 100 in. This, of course, means that center segment must 
be further divided with an additional joint. The assumption is made, that if It should 
prove to be economically advantageous, both spinning and heat treating facilities and 
capabilities will he developed to handle a full segment of 281. S in. 

The spun DOAC segment would be heat treated and then the clevis joint config- 
uration machined into the end of each segment. This machine-aJtcr-heut -treat pm- 
cedure is required to obtain the close tolerances required for the clevis joint. Prior 
to final machining, the entire assembly must be subjected to rigorous nondestructive 
inspection in order to preclude the existence of critical flaws. 

The end segments will be rough machined to contour and then heat treated. 
Final cleanup machining including the clevis joint and dome reinforcement will be done 
at this time. TT ports will be contour machined with most of the cutting required in 
the heat treatal condition. 
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About, the only alternative to lliiu procedure would lie tin on lu:;n<u ol om< i n 
iHiiiili .1 ill ini wold at the* midpoint ol < *;*t:l* ooiiter .-.ei-im ut prior !<> In-m Heal no;: 
would preclude the requirement to spin longer eylinder:: Hum pnaenllv available 
(ibl) in.) but would mjuiro a welding operation with it:; ;i: ;; ;< »«* i;il * m \ i ;o io:i|«h*I ioi. 
requi cement:; . 


llu: basic component thickness for 1 he I M»A< ! motor lias boon sized non 
statont with the* appropriate pressures and d. >: h i j‘,t i requirements. At llua point, 
no detallcMl structural analysis will ho presented and would in furl ho snperljuouH 
since exact design conditions such as prelnuneh lamioli and fhghi oondiiioos arc v« 
lx: identified. The; predict oil MKOI’ may also change as loud design perlurbnlion 
in ado. 


i n 


At the appropriate time in the program, dotal led studies will he 


make mer.ningful predictions concerning the state of stress ol each 
Of particular interest w ! ll be: 


area 


roinluc t rtl In 
ut I hr % 


I. Thi; action of the clevis joint in various tolerance eon 
ditions. 


2. The discontinuities that surround the various dome 
reinforcements such as the polar bosses and Ihe 
ports. 

3. The effect of various loading conditions or (he clevis 
joint. 

4. The effect of rather concentrated loading on the; forward 
and aft thrust skirts. 


Thiokol has a full complement of structural analysis techniques programed 
on the electronic computer for optimum usage. Those programs include both. 2D 
axisymmetric and fully 3D finite element programs, as well as many standard ring' 
and frame and axisymmetric discontinuity analyses. Doth elastic and plastic behaV” 
ior can be analyzed in many programs. 

The accuracy and efficiency of these techniques have I won fully demonstrated 
in previous successful case programs. 


Solid rocket motor case materials are, generally, evaluated and selected to 
prescribe cost/performance criteria. Technical requirements peculiar to the mis- 
sion must he satisfied in total. 


This section of the report summarizes the considerations and results leading 
to selection of DO AC steel for the baseline ease. The dependent parameters considered 
are listed in order of their importance. 
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I . Goal ( ,'itil ilii 1 ily barge ‘ j inn <-p< > 

uibstsntialod veudoi • pme will i . ;•« ;v i; is ;m * 1 os. me 
e red J.iiiily-. 

Heiiubility and Manraling liy Hie drveloptmnl <>t 
appropriate iiiilur** saloty iaetors. pronl 

testing, verification lesl i ii) *>» and «i»ki Hl-.v « ***m i*i il 
criteria, adequate reliability can be predicted lor ;tll 
materials considered. Homo niiilrriiiljli though, vvill 
1-Mi inherently more satisfying lor- this npplicatum. 

;i Satisfaction ol' Design Kequi ivmrnlH Since many HUM 
design requirements will bo flexible prior 1o a nioro 
litial or detailed <Iol'initic»n ol I, ho system, tin- choice <** 
ouhi> materials must. not constrain l.lto flexibility ol 
SUM stage design. 

4. V.ow Cost — The rolalivo evaluation ol' 'ho impaot oi 
material selection on ease cost will include tin* impact 
ol' the differential ease weigh! s and fabrication eon 
.slndatfi on the motor and/or stage cost. 


The following materials are considered candidatos 
rocket motor case: . 


for large segmented 


1. I 8 Percent Ni Maraging - 250 tirade (vacuum melted) - 
This alloy has been used extensively in aerospace appli- 
call - ! which include in the air™ melt variation, pressuie 
vessel.. for previous 150 in. motors. Its advantages 
include high toughness for the particular strength level, 

a relatively simple heat treat, and highly predictable 
dimensional changes in beat treatment so that most, it 
not all, machining can be done in the soft condition. 

Its disadvantages include susceptibility to stress cor- 
rosion in salt water environment and susceptibility to 
pitting corrosion in humid environment. 

2. 1 8 Percent Ni Managing - 200 Grade (vacuum melted) - 
This alley was used for the successlul 200 in. motors. 
Cf higher toughness than the 250 Grade materials, its 
advantages and disadvantages are as described tor the 
250 Grade. 


,‘J. DOAC (vacuum melted) --This alloy has had extensive 

use in aerospace vessels, including the Stage I Minuteman 
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solid 




mill thr 1X0 in. Titan HI < 1 motors . II i;. .1 i|iil mil 
and temper mail ‘rial will) toughness sensitive to <|ii< 'iii-li 
rates. Till* material a I an may hr expected In exlnbil 
stress corrosion sensitivity in nail wall 

4. t H Percent Ni Ma raging I {>0 Grade (vaemim melted) 

This Hi if* hi l,v lower molybdenum va rial inn nl I hr oilier 
IH percent, Ni mnrnging steels affords aonievvlial t n»i» n ivi ■< > 
toughness lining essentially the name leeimologv 

fi, IIV-I HO Candidates (two varieties} ■ Development nl 

the Hi' alloy.s have been funded by die Naval Ships System:: 
Command an part of a. ho view of alloys designed In pm 
vide high resistance to crack propagation, Initially 
for Kiibmarine applications, both varieties are readily 
fabricated using shipyard practice. 

a. 12 Percent Ni Managing (double vacuo m melted) 

This material has been used in 0. 7C> in. thick teal 
vessels having leak- before-burst capability. Inter 
ost in it for subme rsibles has waned Im, ’ cause in 
those applications it affords insufficii v resist 
since to stress corrosion iti sail water. Along with 
the 18 percent Nl alloys, it, would require, in the 
present application, a highly effective coating sys 
tem. Its advantages include exceedingly high tough 
ness in the parent metal and weld /ones, 100 per- 
cent weld efficiency, leak -before -burst, capability 
in the anticipated thickness and a simple postweld 
heat treat. Its disadvantages include relatively 
little use to date. 

b. 9 Percent Ni Mar aging (vacuum melted)— This 
material, a replacement for the 12 percent. Ni alloy, 
is being used for the Navy's Deep Submersible 
Search Vehicle prototype. Its advantages include 
exceedingly high toughness in the parent metal and 
weiil /ones (using TIG in small -bead, multipass con- 
figuration). lot* percent weld efficiency, leak before- 
burst capability in the anticipated thickness, and no 
post weld heal treat. Its disadvantages include little 
use to dale. 

(i. HY-i40-flNiCrMoV (air melt) "-Another of the Navy's 
1 1 V series steels, this material has had extensive 


n-ci 


tii-iif in naval applications and ihmiw- vet; I 

UKt‘ UK Well. 11(1 advantages include r.M •(■<•< I iilgl V IligJi 
toughness in tin* parent metal and weld :•! !*;■, 

lesilvbeiore Iilirnl capability m tin* |ti #*:u*nl application, 

I |K) percent weld ellieienoy, high ill ress nunimiiMi 
resistance, low coni, ;in«i easy :i vsii l.itiilil y to iahncalion 
using uhlpytml practices. 


Only 1MIAC material satisfied Um cost «;i-« mIIIm lit y «*•*«!« The Ml age • Mm 
utrmrin mid Titan UK! SUM eases an* produced from this material. '> '".l v mil* 
stnntinted vendor priee quotes (Uohr mid l.adisb) worn lor Mm IMIAM malarial. 

DliAO ouhc Ik oonnidorod technically acceptable, particularly willi no welds mid 'de 
<|nuti! quality control or inspection. In the linn) analysis, the required ivliabiidy 
will lie established through Liu* development of safety faelor or safety margin criteria 
front extensive materials and component. veril leal ion test ing. 


The 200 tirade 18 Ni and tho I1Y materials aro attractive based on fracture 
meehunieH and fabrication considerations. Of those, tho HY- MO is most ati motive 
technically and should bo evaluated in depth prior to lim'd SUM ease material Melee- 
liott. The oost credibility of the support study will stand since an IIY HO ease 
will be less costly even when the increase in motor s ise required to balance Ihe in- 
crease in ease weight is considered. 

Therefore, eon sidcring design flexibility through weldability and ease ol 
fabrication; reparability through weldability and leak- -before-burst: Inherent safely 
through leak-before-burst, environmental insensitivity, and material use history - 
IIY-140 is the most attractive candidate technically. I he 18 Ni (iOG) and 1)6AC. (...on) 
are acceptable technically also. Of the acceptable materials* only 1)(>A(. sati alii s 
the cost credibility criteria and has, therefore, been selectr 1 as the baseline case 
material. 
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,1.4.^. 1 . 4 Internal Cane Insulation 


Th <j innnlalion i!enty»n fur Die motor in nlate of Die art hoDi m man n;ii &oh*». 

Don and applies!, ion, Th<* ileni^n approach iinod inelnDen all Du ? landani * it e 4 * * on 
nhle I’aUonn nm*li an thermal protection, ivliuliDity, \v< *ir.lit eonnl r*ainln« an«l real. 

Tina motor in part of a iinuvrnteD nyntem. therefore, Die ileniivn approaeh inmJ pen nr,:, 
proven relialnlity with an exfra marten of , safety, 

'I'he mania': ion is an inlejp'al part of Dio propellant r.rain ivimlmi* system ami 
must have within its design tile ability to relieve stresses innirml in (lie r.ram 
i*iire and tliermal nln*inha}\e. This capability is provided in the form ol si n n I « « *1 
f I tips in tl'U‘ forward and aft domes and eaeli end of Die eyDndrieal aei;ntenls f 

I’he ihiehiu'sa ol the insulator is dependent upon Die malarial eharaelenst ie; 

(eh; i r/e I'osion i ‘ : i It • , thermal conduct! vMy, exposure l..i »n< • and thermal llow <-nvi mtinn m). 
In regions ol low exposure time, such n.s the midpoint in each segment. :i minimum 
thickness is required. However, near the segment joints anti in (lie domes, the insula 
tor in relatively IhicU due In (lit increased exposure limr. 

The designation of a man rated system requires Mu- u.st- of an insulator system 
of proven reliability, which necessitates Hull tin* thermal proper) ics and vsi'iabi lilv 
of these properties shall ho fully characterized. 

Tin- mechanics of designing the hash: insulator system u( 1 1» x.iMf* those Mala 

follow. 


I. The maximum predicted thickness of material affected 
by the thermal /flow environment is calculated by multi- 
plying the maximum predicted erosion/ char rate by the 
exposure time. This is then multiplied by 2 to provide a 
safety factor. 

Si. The additional insulator material thickness required to 
provide thermal protection to the chamber is calculated 
using a two moving boundary, thermal analysis computer 
program. Program input includes: the internal chamber 
environment, insulator material thermal properties, the 
predicted material affected (erosion/chur) rate, the 
allowable insulator "to -ease wall interface temperature, 
etc. The maximum allowable instil ator-to-easc wall 
interface temperature is usually based on case stroelni'.J 
integrity and usually is fixed at 250" to 300" F for nonman 
rated systems; lor this m unrated system it was assumed 
to be 70° F. 
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Till' material loss rates used to design this motor are . n ipi r m :i ! m nstun 
i( i M j aro based on data liTiin numerous applications of thin nni.-i iul in motor;, ol 
similar size and with a similar internal environment. AH oi U» data used to ,i< ■: cm 
the motor- ,-m- substantiated h.v both production and demount i-stion motor In mjv 

The detail insulator design in depicted on figure !» and I ho « rilieul ;m a- 
are depicted on Figure 3 ftl, 

'I'll,. effect ol' llto submerged ,io/,zle on Iho im ulslor design i;; !‘ol looted in die 

low material affected rate exj at section K K in Figure :: :.l. I In. u. dm 

to ,-t lower gas glow velocity across the imadalor than would I sporo-mvd with a 

external nozzle. 

The grain stress i'i lief flap thickness was designed to provide the rmal pro 
ted jon to red. rain the backside tomperatnre rise to well Mow the autoigmliun ten per 
at.ure of Die propellant . 

Asbestos. silica filled NI’.K in iv,\ insulation material wldeli in used an slab- 
of the art throughout the indnntry. This material Inin been demonstrated in sevet.d 
production program n nuch an IVUnutemnn, i'oneidon, and Titan Hh’ HUM. 

Material selection wan based on con, side rat ion ol the lolhnving on torn; (I) 
compatibility with cane and propellant/liner, particularly with reaped to processing, 

(2) chemical and physical Htabilily with respect to motor aging, (■'<) imlttniry ‘xperi 
ence and familiarity with fabrication technique!*, (4) coni imped ol raw material}; 
and fabrications, (5) demonstrated reliability. The material properties ol thin 
asbestos, silica filled NUU material are listed in Table 3--I3., 

The steel ease internal surface will be grit blasted and solvent cleaned with 
MKK prior to installing the insulation. Cbendok 205 primer and 220 adhesive will 
be applied to the cleaned cast; suit' allowed to dry before installing the lirsl, ply 
(sheet) of uncured rubber. Carts will be exercised it) insure that no air is trapped 
between the cast; and the rubber before applying the filler plies which form the insul- 
ation configuration. All joints in each ply will be skived, rolled, and stitched to insure 
maximum contact between pieces and joints in subsequent pbes will be oil set. bach 
ply of rubber is thoroughly rolled to insure intimate contact anti that ad entrapped 
air is removed before installing the succeeding ply. The last ply ol rubbei covet s 
the entire insulator including the 0. OS in. thick piece in the center portion of the 
case segment. This final ply provides a smooth base for propellant bonding. See 
Figure 3-22 for a typical ply layup of a segment joint. 

The 0. 18 in. thick propellant stress relief flaps are formed by placing a ^ 
release material between the last; two plies of the insulator to prevent bonding. The 
lengths of t hese flaps are shown on the; motor layout (Figure 3-5). 



Figure 3-21. 156 Inch Diameter Motor Insu 
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Tho detail configuration of tho insulation whi* -h hums tin ;>i-gin<nl t* ** 1 '• •' 
and polar Ihihh interface in formed during rubber Jaytip by »» .idiu.sbdile l"*»biig 
fixture. Tho insulation iB vacuum-bagged and the case segment is sub j. < I . .1 ft. 
an elevated temperature cure in an autoclave. The cure will he at a minimum 
temperature of 870" F and a pressure of BO to 1.00 pula lor a ppiosi mutely I hr. 

Th(! large size of this motor restricts the fabrication of the rubber insulalm 
to either in-caso integral fabrieation or externally formed Insulator segments. 

A segmented insulator tumid be fabricated by a high pressure, closed dye 
mold process, but this would produce an insulator which is inherently less reliable 
than a one piece insulator. The fabrication and installation of segmented component: 
involves all the problems inherent to a one piece component plus the additional 
problems of segment orientation and joint filling. Therefore, this technique was 
not selected. 

Another area cf consideration far evaluation is the use ol mastic insulation 
materials which are either castable, trowolabJe, or sprayal.de. One such material 
is TI-II-704B, an asbestos/ carbon black/ammonium-phospliatc filled HO polymer 
(liquid polybutadiene carboxyl terminated) material which was demonstrated in the 
200 in. diameter space booster development program. Another candidate material 
is UF-1140, an asbestos filled epoxy polysulfide, which has been used suoeessUiUy 
in heavyweight test motors. 

Mastic insulators have been demonstrated in limited application in many 
types and sizes of SIlM’s. The initial cost of the raw materials is much lower but 
the mastic materials have tho characteristic of being difficult to process. 

The high viscosity characteristic designed into mastics to allow thei r appli- 
cation without slump creates a problem oi air onirupmeiit porctiiy •” P 1 *^' 

this problem lias created the need for numerous repairs on motors using this type ol 
material. An extensive program would be required to demonstrate the feasibility 
of this material in a manrated system. This would be relatively expensive and 
precludes the use of this approach. 
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H. 4. 'A, 1.5 1'iinor 

111*’ SilJil liner h:it: been demon.sl rated in Ihe product i,»u Siugi- • Miiudnnrni 
mid Genie motors and in numerous development motors, I'hr rxlensive "so ol 
thin liner system lot’ grain in?t**nl ion linn enabled the thorough rharacterr/.slion <>l 

(I) tl»<* processing methods and procedures to hr used tor its and 

application and («) if n computability and bondubilily with mommas insulation 
main rials and pa rtieula rly with tin- asbestos, silica bill'd NBIt material and 
propellant selected for the baseline motor. All materials used in this lormula- 
tion aro commercially available in the largo quantities minimi. 

'I'Ikj uir.2J2J liner system has demonstrated excellent physieal and H»ei ">si 
properties in both laboratory and full scale motor testing. I laboratory I eating 
of this bond system has shown that the failure is 100 percent cohesive in the 
propellant. Table 3-14 shows details of material properties data, 

TheUF-2121 liner has demonstrated excellent, aging characteristics in 
the surveillance program for Stage I Minuternan motors. No storage motor tired 
to date has shown any performance anomaly attributable to aging. (See Figure .Ml 
for Stage 1 Minuternan firing history.) 

The liier is applied to the insulation/propellant interlace to a nominal 
thickness of 0.005 in. by means of sling lining equipment. The insulation , 
including the stress relief flap, is buffed and solvent cleaned with MEK Indore 
installation of the liner. 

The design parameters used in selecting the liner system are; (J) state- 
of-the-art materials and processing approach, (2) material computability, 

(?) reliability adequate for a manrated system, and (4) chemical and physical 
stability sufficient to assure aging capability of the motor. 

3.4. 2.1.6 Nozzle 


The nozzle for the baseline parallel burn SUM is a fixed, submerged, 
convergent-divergent, state-of-the-art design. Its size, configuration , and 
materials are typical of those of the 156-7 nozzle successfully demonstrated by 
static test in 1966 byThiokol. It is also similar in many respects to numerous 
other nozzles both large and small which have boon successfully designed, 
fabricated, and tested. 


The nozzle is tailored to the performance requirements ot the SUM motor 
while at the same time incorporating all possible features to assure a low cost, 
highly reliable assembly. Because of its proposed use in a man rated system, 
higher margins of safety have been applied in design and sizing the ablative 
materials and structures than are generally used in SUM nozzle design. 
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TAHLK .'{' M 


MATEUIAI, PUOPKUTJkS, UV--‘A\'A\ 


Pot. lifts ambient (hr) 


Stress (pHi) 

‘M H 

Strain (in. /in.) 

Uli 

Density 

O.OOK 

iitu-a 

Thermal conductivity ^ v 

0.100 

Tensile adhesion to 
TP-111.01 1. propellant (psi) 

100 













l-'low eon loll IT. around 1 h- nose and into I In* lltroai ire » I* •: . i ; ,n < « I n> m lilt \-> 
uniform g»M aeeelei alioll 1 ll i , oilf<;ll Mio inlet ;;eo| ion, lino :i: Mmnj; : mo.. II., ..inloioi 

erosion, To .ibniiiiizo erosion am) U ndeney to : (>:•!• ‘o.d .nr d>, ml i 

components material plies are < •< lf*.< *•■ t » r J « *u It h I l«» tin' ga: How ialh< i Ilian ply 
orienled. This has boon proven fii v« • in nnmei <• t 

Tlit ■ divergent rone has a 17. !> deg hall angle anil is H>:> h . long iVon. tlironl 
(o exit plane, The mjui red structural :tnd ablative malriial thielae -sees ;d (he 
( -xP resiill ill an outer diameter of lid) in., well within fin- motor diamcb i , 

The exit, rone h;dl angle (17. h deg) i;. the !.iinir a : > that ol llo- ISO. I ami 
nozzles and won selected because of Hie av:»ilal>i I ily of previous design iml 
fabrical ion experience and Inst and performance data Iron. these nozzles. 

Tin; exit rone is fabricated ;i.s Ivvo components. The forvv:ml cone is boniled 
to ;ind contained within the steel structure. The aft cone is assembled and bonded 
info the I'btnge structure, thou pinned and both structure and rone are overlaid 
with glass cloth gore panels for added joint strength and cone retention. I he 
adhesive and gore strips are redundant safety features shier (lie shear pins are 
designed to provide full retention. 

All components are bonded to each other and to the structure. hi addition, 
components are seated on ramps or entrapped by olhor components wherever 
possible to insure positive retention if loss of bond should oeem . 

Every effort has been made to minimize the number of components and 
create simplicity of their configurations and ol the assembly in order to laeiljfate 
ease and economy of fabrication. 

The design is shown in Figure 3-24. Criteria employed in the design of 
the nozzle are listed in Table 3- 15 . 

The ablative and insnlalive materials, selected are materials which have 
been used consistently in nozzles of all sizes for many years and which have' been 
extensively tested and proven in both H & I) and operational SUM systems. Of 
particular significance! is their use! and successful performance in the large 
nozzles of previous 130. Jfiti, and 300 in. motor programs conducted by Tldokol, 
Lockheed, Aerojet, and TJTC. The material;; and their physical and thermal 
properties are well defined as a tv their ablative and insnlalive performance 
characteristics; also, processing and fabrication methods have boon developed 
and standardized to the point that consistency and reproducibility of prop;' Hies 
and performance from part to part is assured. 
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i'AHI.K !( Ill 


NO//J.K CIlAllACTKI'ISTir;; 


i.N ( ‘IMTKUIA 


Thronl iliain«*t<*v, initial (in.) 
Throat area, hviliul (nq in.) 
I*;.vit diamolor, (in.) 

1*3x11 area, initial (sq in.) 

K*1 Kinston ratio, initial 
Kxlt none h;i !•* angle («leg) 
Submergence 
Pressure, average (psia) 
MKOP (psia) 

Safety factors 
Ablatives 
Structure 
Nozzle weight (lb) 


*Submergonoe , % 


licimth, lliroat-to- Flange x U)0 
Length, Throat" to- Mxit 


i .. (M 


i .mi:., :‘. c. 

MS. <: 
17.20;;. lo 


lo.stl 


I V. :> 

I 0. <> 


sao 


I ,000 


2.0 

1.0 

10,140 
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Silica cloth phenolic In utilisAcul both an the ablative and iimtibiUv.* linn <n. 
the submerged fixed portion of flic nozzle and in flic ait exit com north m where (In- 
thermal environment in relativity mild. Canvas chilli phenolic, a Sower cosi imit.-rhii. 
wan considered for iliene arean, Iml beeaune of ifn lower renbitanee to e-muon ami 
nmeh higher char rate than silica, considerably more maleriai in required, I'iaialu .l 
component costs are then essentially the name for each material while the canvas 
cloth phenolic component in conn ide rail iy heavier niaee densities ot the two cured 
materials at e ennenUally the stime. 

)n the none, throat and upper exit cone arran, where the thermal environment 
In severe, carbon (doth phenolic in the selected liner material, 'thin material provide; 

excellent, predictable erosion resistance and ban a. long history of cestui 

performance in them; areas in both large and small nozzles. 

Beneath the nose and throat section liners, canvas cloth phenolic in employed 
as both insulator and filler in order to take advantage ot its lew cost. 

The upper cone insulator and the aft cone overlay are of glass cloth phenolic* 
which provides both thermal protection and structural support to Uie cone liners. 
Selection of this material is based on its high strength, low cost, and previous usage. 

The structural element of the nozzle is heat treated A.181 41.H0 steel. This 
material is relatively inexpensive, readily available and easy to work with from the 
fabrication standpoint, while providing the necessary strength and stiffness required 
for the nozzle structure. 


The ablative and insulative plastic components will be fabricated by tape 
wrapping the raw materials on mandrels, the tape being oriented to produce the 
desired ply angle for each part and then cured at the specified temperature, pressure, 
and time which will produce the desired properties in the finished part, lor the 
throat section and upper and lower exit cones which are composites of two materials, 
the inner liner is tape-wrapped and debulked; the outer surface machined, then 
overwrapped with the second material and the composite cured as a unit. Curing 
may be done by either hydroclave or autoclave method, both being standard process- 
ing techniques and producing essentially the same end result in the finished part. 
Following curing, the parts are machined to firal configuration for assembly into 
the nozzle structure. 


The foregoing fabrication methods are standard in the industry and have been 
well developed and proven for nozzle plastic components of all sizes. Adequate 
equipment and facilities exist and the processing techniques are already established 
for fabrication of plastic components for large booster nozzles. 

The nozzle structures will be machined from rolled and welded plate or from 
a forging. No unique processes or equipment are required or need to be developed. 


Fiuiii assembly of the nor/le involves I un»< "I the I *> «• >" eo,„j,ot«nis 

iul (i position, installing the exit enne relenf hm pins :m.l , l.iv u.c and . ... me Hi. 
glass st meture iit the i- .it. joint. 

To arrive at a erotlibie nozzle design, prelm.m;-., ln\<<nis v,< .«■ |o<p:... -I 
anil a aeries el' analyses made to eataldial. (lie final eonlignral to.. Nozzle e 

eontigu ration and inlet runtour were obtained from an ae.ndvm design e....i|.u(. •. 

program developed spreltirnllv lor nozzles. A lle v analysis was pei lonueil ■ b 

(lie flow pattern of the eslmnst gases late the throat and to tieline h. at I ' am lei 

eoeffieiimta along the entire flow surface. The heat transit - 1 data were nl.b < 

mahlng a. thermal analysis, the results of whirl, defined the re.|imvd aldat.ve and 
ini-uilativn liner thjeUuesses itntl the resnltanl erosion and elmr proliles. A. ja;d mol.., 
ope rating parameters anti exhaust gas prttperlies w. re used in the analyses him.iv 
area n.u\v of 0 h> i‘osnlhu 

Structural members were sized anti designed ft* withstand pressure loadmpe 
under conditions of 1.-1 times MKOT. doth stress and tie flee Hon were eons hit -red 
In the analysis. 

In till eases, the appropriate safety factors, as listed in Table I!., have 
I teen incorporated 1o insure design and performance integrity. l-.xeessive ma tr.ots 
of safety, however, luive boon avoided In order to minimize weight and rest. 

Krosion and ehar profiles resulting from the analyses a re shows m l't;vn.. "... 
Mass properties of iho design are listed in Table T Hi. 


1 

I 

I 
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2.1.2. 1.7 Ignition System 


’Che ignition system lor the lw »« rm l.H neiloe will l» > Ihm«I< n«i » «i* *ti ■ »l • 
I »y rn ^'11 system (Figures :t 2(1 and II 27). Tin- i|> nil «< u* • yUcm ••• I.. lit. 

list'd nn other large niolors. 


The ignition assembly in eomposeil of live main :uil »:if ;,*;.**. it ■ ( • « •; (Ii :;il< l\ 

and arming dt>vit‘i', (2) pyrotechnic booster assembly. (0) initial ini’, i ’ v » < *f •,« n t ip.iiil 
(I) booster Pyrogen igniter, and (!t) (lie igniter *•:»!* (adapter). 

1. Safety and A rm jin'- Device - The •}*,»*! I • salt I, v and 
Sinning device will be a modified Minuteman device. 

The modifications will In' primarily On* replacement 
of FS0002 squibs wil.li I ntnp, .1 w squibs and the 
incorporation of additional circuits in the control 
connector to allow fire pulse monitor in the SAFF 
position. This modi fi nation will provide a device 
with the same functional characteristics as (lie device 
used on the Titan UK’ and the improved control features 
of the standardized Minuteman device. Those features 
Include switch contacts which arc less subject to 
damage and contamination and a control switch design 
which does not permit mideyele hangup during marginal 
control power operation. 

The proposed squib is the S222DO qualified and pro - 
duced by Hercules Incorporated and is the same design 
as used in the Titan HIC device. 

2. tVroteehnie bo oster- — The pyrotechnic booster pro- 
vidcs the ignition train between tin* safety and awning 
device and the initiating Ityrogen igniter and will eon- 
tain 20 grams of 2 A boron-potassium nitrate pellets. 

11. in itiating IVmgcn I gniter — -The initiating Pyrogen igniter 
has a high strength steel multiport chamber loaded with 
TP-H10K) propellant in a 20 point star configuration. 

The initiator system will operate at 1, 800 psi (Figure 2 28) 
and will provide a mass discharge rati' of f». f> Ib/sec for 
0. 14 see. 

4. booster P y ro gen Igniter- ™ Thu tioosior Pyrogen igniter 
assembly has a high strength steel case, N1VK external 
and internal insulation, UF~2121 liner and TIM I It) hi 
propellant. The grain is east in a 20 point star configu- 
ration. The igniter will operate at 1,200 psia (Figure 2-20) 
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anil will provide a mass discharge i :»1 • * of told llt/m ■<* 
for approximately 0. 0 nee. 


f>. ijgjj ttv r Cup ( *T') — 'I'lu - ignitor cap provide.*! 
"attachment of the Initialing Fyrogen igniter. 

Pyrogen igniter, booster assembly and the H K* A 
device Into one Integra) unit. The i.gni1er nap ia made 
of high strength stool. 


The desired igniter propel! aid. characteristics are high burning rate at 
reasonably low pressure, a relatively high flame temperature, good eared physios! 
properties, and a relatively low easting viscosity. To moot these requirements 
the Stage 1 Minuteman igniter propellant (TIMIJOJO) was seleeted for use m the 
Pyrogen initiator and the Pyrogen igniter. 

Initiator and igniter design performance summary is shown in Table 3~17. 

The sequence for motor ignition is: (1) the S & A device is electrically armed 
and the two squibs arc; electrically initiated, (2) the flame, and pressure created by 
the squibs ruptures two windows (diaphragms) and ignites the booster assembly, 

(3) the flame from the booster charge ignites the initiating Pyrogen igniter, and 

(4) the initiating Pyrogen igniter exhaust gases ignite the booster Pyrogen igniter. 
The ignition transient of a motor is made up of four relatively distinct time periods 
which are identified as follows. 


1. Igniter response time. 

2. lime to achieve motor pressure- igniter output equilibrium 
prior to motor propellant ignition. 

3. Lag time or time between equilibrium pressure achieve- 
ment and first ignition of motor propellant. 

4. Flame spreading time or time from end of lag time until 
all surfaces of the motor grain have been Ignited. 


The ignition transient for the large booster baseline motor was predicted. 

The prediction includes an equilibrium calculation which begins at the end of lag 
time and ends with achievement of motor equilibrium pressure. The prediction ia 
based on ballistic and physical characteristics of the large booster motor grain, the 
ignition parameters of the proposed ignition system, estimated time of first ignition, 
and flame spreading rates over ail surfaces of the motor. Motor pressure, thrust, 
mass flow rate and surface area ignited plus igniter pressure and muss flow rate are 
computed as functions of time. 
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tabu: :» i v 


IdlMlTK l< DKSUiN AND l*Ki< I-'OIMVI AN< 't: 
Characterisl-ie 
drain diameter (in. ) 
drain design 

CJriiin cylindrical volumetric loading 
Cylindrical length (in. ) 

Total grain length (in. ) 

Propellant weight (lb) 

Threat area (in. ) 

Maximum pressure (psia) 

Weight flow rate at max P ( , (lb/ sec) 

Burn (0-wcb burnout) time (sec) 

Time to 95% P m:Ui (sec) 

Chamber free volume (cu in. ) 

Initiator flow rate (Ib/see) 


Value 

l«i. 5 

an poini 
o.dit.; 

;;:i. on 
27. 07 
224 
29. 05 
1.1 00 
2 so.: 5 


0.448 


0.0115 

2,592 


The predicted chamber pressure transient tor the large lu><iHf.ct- motor m 
illustrated in Figure 0-30 . The design parameters and •iiai sHci lalt shown m 
'I’iihle 3-18 were used to size the booster Igniter to achieve required motor ignition 
characteristics, 

'Hie electricid initiation redundancy from the power supply to tin 8 & A de 
v i,. ( , i R shown hi Figure 3-31 . The S & A dev lee also contains id own redundant 
initiators an<1 tiring circuits. 

A tradeoff study (cost, function, and ••elinbUity) was conducted to evaluate 
modification of the Minutenmn S & A device vs using the qualified Titan dir device. 
The study revealed that modification and requulifieutlon of the Mlnuleman S ^ A 
device outweighed the cost disadvantages of the Titan lilt" device. 

The modification, s of the Minutcimm S & A device' are primarily the replace 
meint of tlie ES003 squib witli it 1 amp, I w squib and tin' incorporation of additional 
circuits in the control connector to allow fire pulse monitor in tin' SAFE position. 
This device will provide the same functional characteristics as the Titan U1C 
device and the improved control features of the standardized device. 'I’hese features 
include switch contacts which arc less subject to damage and contamination and a 
control switch design which does not permit midcycle hangup during marginal con- 
trol power operation. 

The proposed stjuib is the qualified 82251)0 as produced by Hercules Incorpo- 
rated and which is used currently in the Titan 11 1C device. 

The propellant selection lor use in both the initiating and main Pyrogen 
igniters is TP-H101G. This is the Stage I Minuteman igniter propellant and has 
been selected because it meets all ballistic requirements, and it is a fully charac- 
terized propellant with excellent physical properties, high density, and a high flame 
temperature, 

TP-111016 propellant has a liquid torpolymer, butadiene-acrylic acid, 
acrylonitrile (HP) mixed with a Liquid epoxy resin for the binder system, iron oxide 
burning rate catalyst, 2 percent spherical aluminum and ammonium perchlorate 
oxidizer. The burning rate of TP-H1016 is 0. 84 ips at 1, 000 psi. The igniter grain 
design is shown in Figure 8-17 . 

The igniter chambers for the initiating and main Pyrogen ignitors will be 
mack? from 4130 or 4340 high strength steel, spin forged and/or machined and heat 
treated to 160 ksi minimum tensile strength. This selection is based on a minimum 
cost and weight analysis. 

The main Pyrogen igniter will operate at a chamber pressure of 1,000 psi. 

A safety factor of 2.0 will be used in design of this chamber. The? additional weight 
incurred by this higher safety factor will bo insignificant and is desirable In igniters 
where it Is necessary to obtain a high mass flow rate in a short time interval. 



TA I ll iK :v IH 


K1NITKH DKSICN I'AliAM KTK'IM AMI) < ’ 1 1 A I C A < I lilil'f'IH . 


Chara cteristic 

lj*nlti vr coefficient 

Igniter burntlme (sec) 

Port to throat, ratio 

Pressure produced by the i i*r» i i< * »* in 
tin? motor (psi) 

igniter flame temperature, t'Xlt (”K) 

Igniter uUimtnum content (%) 

Ignitor length to diameter ratio 

Number of nozzles 

Igniter electric initiator, no™ fire 
power load 


Value 


II. IJi 
0. I 0. !. 


I . M 


an 




\> 


\\ ft 2 

1 

1 ump, I w 
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Figure 3-31. Initiation System Ordnance Redundancy for Ignition, 
Thruat Termination, and Deatruct 




Till' steel chamber will be insulated )«>lh i nl t * i.:. 11 v and ‘ 1 

external insulation consists of O.H in. «»1 asbestos filled fiitlt laid up •""> " ,1 ' •"*' ' '' 
in place. Tapering of tlm insulation will allow coni roll ml I*". m.:,. I « a. ..gi n...» 

of the Pyrogei. **:»t «>. The Insulation in based on :i elmi <••!- •<* >■ 1 

w ilii :i l.ii safety l-tHnv. 

The lull raal Insulation | .k * 1 « rl i Hu* ignilei * m: t* Mom **v* * l‘« »•"*>-, (" lii. l, 

Ci'ivilil cause external Insulation bomlline failure tl ( m I u. ill. .1) do. mg * 

;ind motm* tiinoM. 

Tlu> internal iinil external insulators ran be vulcanized in place. ) l»« t**1. v 
eliminating the tolerance problems normally associated will- molded 
Tin’ insulation will !)*• a * 1 II* ^ I Kl'-M »*i*l *!**•••. 

TIh> proeu red S K- A device will !.«• electrically . Iu . Iv.mI, ami a wrigm -.1 
punntity of pyrotechnic pellets will lie packed in Mir container in A 

foam plastic cushion anil perforated cover plate will seal the P‘‘Hrl ronlanirr. 

Thy .steel c’luunlK i' will hr a procured item. The chamber will be brush 
lined ami cured. Plugs in Mir nozzle orifices will seal the nozzles ami nr! an guides 
lor the casting mandrel. THr propellant will be bay oimet east into the i nun » i o 
a preset level ami then the mandrel pressed into tin; imeured propellant. Alter *u»v, 
tooling disassembly, and proin’llant cutback, Urn igniter will be ready lor use. 

The main Pyrogen chamber will be a procured Hem. U will be hydrotested 
at the supplier. After receipt, it will be cleaned and insulation applied, vaeuum 
bagged, and cured in a pressurized heated autoclave. 

The Pyrogen grain stwpointa are wide enough to permit pressu re casting of 
the propellant through the igniter nozzle with the mandrel, in plane. After the pro- 
pellant has filled the chamber to a predetermined level, the mandrel is seated into 
the casting base. After cure, tooling disassembly, core removal, ami outback, 
the Igniter will be ready for use. 

A high density foam plastic plug will be bonded into the nozzle ol the Pyrogen 
igniter to provide a moisture seal. 

The motor forward closure with initiating Pyrogen igniter and main pyrogen 
igniter assembled to it will be assembled to the motor forward segme nt as a unit. 
The S & A device will be assembled to the initiation assembly prior to shipment. 

An igniter S & A device in the SAFK position presents no additional hazard to the 

system. 

Aft-end” mounted Pyrogen ignition systems of the launcher retained variety 
were considered for this application. They have been demonstrated by Think* >1, 
Aerojet, and PTC. The largest rocket motors tested to date (10(» ami 2fi<> m. 
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I 

I 

| diameter nmlors) have been ignited by htmiii *lu*r retained Pyn*grn « *>ih* i *.-*<» 

* and ITO in. motors have been igniled by headend Pyrogim igniter;-.. i In- Hi (i n joen 

e tors for alt end ignition are well known ami necepied in 1 li« nidnHrr, i in 1 1* *< * » . 

parameters for the Ih i ;m U*ih I ignitors are also well laiov. a ami va II <i< -mon; ,i t n< <1 lot i « •« 
large motor? g Tim advantage?! of ail end mounted Inmii li* t iH'imi'ii i": mur,, i : mhIi *■ u. 

I. rite ‘ Inert component.'! of the igniter are not earned with 
the motor and present, a weight savin?*;.. 

!\ The ignil.b a system does not have lo In* made II t; ,1 1 i \\ * i ; -hJ 
Heavy male* 'aln ran fir used because l.hr weigh i is uni 
carried with I hr motors. 

A hradrnd igniter port is not rr*|uii‘nl in Mu* molor. 

I. A lull hradrnd p roped) ant web may lir utilized. 

The reduced inert component weight and increased propellant weight both 
result hi improved motor performance. Wbrn tin* motor ignites and aeeeieral.es 
away rapidly after ignition, a vrry simple 4 support lor (hr igniter is all Mial is 
required. 

In systems such an tin 4 Spare 4 Shuttle 4 , the* launch vehicle will he 4 He'd down to 
the 1 launch strut* lure and will not he 4 released until ltd) thrust is achieved. The igniter 
cannot be left in Uu 4 nozzle for tills length of time. It would hr necessary to provide* 
some sort of retraction mechanism for the 4 ignition svst( 4 m which would withdraw d 
when a desired motor chamber pressure has been achieved. The 4 cost of ignition 
system retraction mechanisms would far offset the savings achieved in the? use* of 
heavyweight components. 

Static tests of large aft end ignited nmtors are complicated. A support structure, 
r 3lcasc .mechanism and a sled and truck are all. roeiuired to hold the igniter until the 
motor is ignited and them to remove 4 it from the nozzle alter the motor has ignited. 
Therefore, based on design simplicity of the launch pad ami the improved ignition 
characteristics for the 4 rocket motors, a beadend i^yrogem ignition system was 
selected for the Space Shuttle 4 motors. 

A fiberglass igniter chamber has many attractive features and was considered. 
Internal and external, insulators for the igniter would not be reejuired. The 4 igniter 
" eluunber (*ould be allowed to burn back throughout the duration of motor burutime. 

Fiberglass chars in such a way as to protect the? internal igniter components from 
excessive heating. The igniter propellant grain designs retjuire long starpoints and 
: a very thin ease propellant web. This retirement dictate's that the Igniter chamber 

have at least one end open to the full diameter of the chamber to pass the casting 
j mandrel. Small fiberglass igniter chambers have been designed for small Pyrogen 

t igniters with a full opening on one end achieved by tapering or coning the fiberglass 

i 

t 
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outward at the open ena and sandwiching it between tin inner and outer steel ring., 
This technique cannot ho sealed up to the diameter required lor tlio Space Slmlld 
without making tho steel rings excessively heavy amt, thorotoro, precludes the a 
of fiberglass cases. 


3. 1.2. l.s Kleelrieal 


The* electrical mill oleetmiue systems arc rornpri:. cd cl uvu * t*|iai:iii 
categories of equipment and associated cable, 

1. HI ec trim I subsystem. 

2 . 1 n s tri uni *n t : 1 1 i on su buy s 1 e m „ 

The design of the various subsystems will be bused nu the Iiiim I must d< 
scnnplioiwmd the system requi rements of each category. In ail easr:., qiialilicMhoN 
to manrnted flight opr rati on will be a design requi remem # 

Tli (3 Space Shuttle SUM electrical system processes ami distribute;, SUM 
airborne electrical signals, ground power, and blockhouse controls for operating 
the SRM ignition and instrumentation systems. 

Design requi rernonts will be satisfied by using qualified components. The 
following electrical components make up the electrical subsystem. 

1 . Instrumentation battery. 

2. Power transfer switch. 

3. C a bl e a s s e m b ly . 

4. Instrumentation enclosure. 

Wire gages, types , configuration, and capacities will be equal or exceed 
the required specification. The use of twisted shielded wire* and overall cable 
assembly shielding is consistent with that used on manrated flight qualified 
systems. Overall design characteristics of the complete assembly will be as 
good or better than the design specification. The components meet the require- 
ments of the environment as shown as Tabic 3-1.8 A, 

Guidance common circuit isolation and the vehicle single point ground 
characteristics will be consistent with design criteria. Separate conductors a. re 
provided in the cable assemblies for these circuit returns. 

The SUM electrical system is required to supply airborne power and pro- 
vide for distribution of power from both airborne and ground sources to the vehicle 
monitoring 9 ordnance, and instrumentation systems. The system also must dis- 
tribute orbiter command signals and must distribute power supplied by the arbiter 
for SRM igniter squib ignition. 

Monitoring capability for countdown and hold, ground checkout tests, and 
combined systems tests arc.' required. Additional vehicle electrical system 
requirements include: 
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ENVIRONMENTAL DESIGN REQUIREMENTS 
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] # DiHlnlmtion of :n’i-horm‘ in.* .1 imiiiumiI:*! ion 

eoMililioiUHi lo Hu • proper ni;ur k in 1 1 ’\- *'!:■: Uh 

SUM Hp;u*r Hliultlo Hootriinl in1orl':n-o* 

n, | )ifil rihutloll Mini isol.nf.inn a\ Hm* rrilmuioui 

ignition cm in rut nnd tlu* provirion of mnnvni 
| i toil in):; lor nil nnliMiiro rimiili;, 

li. Provision of swit«*hi.up rnpnhilify lot jiowim 
I rnnsftvr from groiiml lo nit honu powor, 

Tsoi :i linn of Hit* ^nidnntn- common cimiil. 

, f i. (’ompntil)i lily vvilii n vdiiclv* single point Krouml* 

0, Provision nod distribution of ropy *od insim- 
nu'iitntion excitation power. 

7. Provision for stniy voltaic defection for Us* 
ignition ordnance. 


All electrical connections between tin* HUM and tbe Space Shuttle are throng-h 
the forward staging connections. Klectrical components air inlereonneeled using 
independent cable' assemblies with one or more connectors on each end. 


The SUM instrumentation signals for flight and JutmUhu' data are conditioned 
in (ji(> instrumentation enclosure. .Power lor the instrument}! lion system is P'o- 
vided by the airborne instrumentation battery and conditioned l.o the proper levels 
inside the instrumentation enclosure. 


Adequate provisions are made in each cable assembly for distributing 
vehicle monitor power for countdown and hold, ground checkout, and combined 
systems lest monitoring requirements . 

The electrical configuration will be investigated to locate the individual 
worst case circuit (cable run, resistance, gaging) and analyze that circuit to 
determine the effect of changes in configuration, wire length, and the type of 
wire. 


The layout of the instrumentation system is shown in Figure 3-32. 

The SUM instrumentation system supplies vehicle events and conditioned 
information for performing SUM analyses an<l evaluation, I’he systems arc 
divided into two categories: prelaunch system and postlaunch (flight) system. 
This division distinguishes between parameters monitored prior to launch that 
no longer require monitoring following launch and the inflight measurement 
parameters. The prelaunch instrumentation subsystem senses events and 
conditions within the SUM and supplies an electrical measure of the function 
through the umbilical to the ground facility for recording. The inflight 
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instrumentation system senses events and conditions within the SHI'., conditions 
these signals and sends them to the orbiter for telemetry to groan i facilities. 


The SHM Instrumentation system provides electrical analog signals ol 
vehicle conditions and events for verifying and evaluating vehicle performance 
before and during flight. Provisions will be made on each SUM for 10H channels 

of data. 


The recommended flight instrumentation as shown on Table Iw for 
the one unmanned and the five manned flights. 

Proposed configuration and detailed mission requirements dictate the need 
for customer approval of the proposed measurement list prior to implementation. 
The inclusion of any item of instrumentation must bo designed with a sufficient 
margin of safety to preclude failure of the flight vehicle due to instrumentation 
failure. Techniques of high burst pressure ratings, electrical safety resistors, 
minimization of structural complexity, proper electrical impedance matching 
and minimization of electromagnetic interference in design will be employed. 

The required accuracy of 0.5 percent (three-sigma) relates to the customer 
needs for accurately defining the vehicle performance. Consequently, this 
accuracy will be representative of the total stimulus to forward staging disconnect, 
with traceability to the National Bureau of Standards. A high confidence level ol 
system performance will be obtained to assure compliance with these requirements. 

Output impedance at the forward staging disconnects of the instrumentation 
signals will not exceed 500 ohms or 500 ohms maximum shunted by 0. 1 H f capaci- 
tance to insure proper coding by the Space Shuttle (PCM) encoder or multiplexer. 

The instrumentation will be powered by ground power or an airborne power 
supply with final switching to the airborne supply approximately 11 sec before 
launch. 


All instrumentation components will survive environments of flight, handling, 
and transportation, and be compatible with the reactants involved on the total 
vehicle. Maintenance will be provided for the vehicle single point grounding sys- 
tem with isolation of the guidance common circuitry. System design allows 
compliance with the hold and turnaround requirements. 

The prelaunch instrumentation includes the calibration of instrumentation 
channels, as well as the monitoring of battery voltage, stray voltage on ignition 
line and safety and arming indication. Also the operation check of the ground to 
airborne power switch is a prelaunch function# 

The postlaunch Instrumentation Includes some prclaunch tests on the 
operation of the nozzle actuation system. This monitoring continues into flight, 


TABLE 3-19 


RECOMMENDED FLIGHT INSTRUMENTATION LIST 


2 Pressure measurements 

2 Radiometer measurements 

2 Calorimeter measurements 

16 Temperature measurements 

16 Acceleration measurements 

1 Thrust termination measurement 

1 ISDS measurements 

1 Destruct command measurements 

1 S tagin g command measurements 

2 Nitrogen squib valve monitors 

2 Nitrogen regulation pressures 

2 Monofuel pressures 

2 Decomposition chamber pressures 

2 HPU - starter grain NO. 1 

2 HPU - starter grain No. 2 

2 Turbine speed magnetic pickups 

2 28 vdc power bus A 

2 28 vdc power bus B 

4 EDV (pump) monitors 

2 Lube oil temperatures 

2 Hydraulic system pressures 

2 Hydraulic system return 

4 Differential pressures 

8 TVC commands 

8 TVC feedbacks 

4 Failure Indicator switches 

8 Arm-disarm signals 

4 Battery initiator monitors 

4 Control box monitors 
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(optional) 

(optional) 

(optional) 

(optional) 


therefore*, it is dossed as postlmmeh. Also included in the posUmnich inwl.nnrientn- 
tion are the SRM performance monitor channels, pressure, tempera In res, and 
acceleration, 

The instrumentation unit individually conditions each channel of data to he 
sent to the multiplexer on the orbiter. This conditioning includes bridge balance 
units, temperature reference ovens, accelerometer* amplifiers, and event 
conditioners. 

The battery required for the instrumentation system was selected on the 
basis of being qualified for man rated flight systems and with the requirement of 
meeting the onboard flight specifications. The instrumentation battery provides 
the regulated excitation power and the signal conditioning power for all channels 
of data throughout the SRM mission. 

The subsystem assembly has switching capability from ground power to 
battery power. Switching circuits to switch from ground power for preliminary 
and functional checkout to battery power for final checkout, calibration, and 
flight performance are designed into the subsystem using flight qualified electronic 
and electromechanical components for reliability of performance. 

The design oi the cables for the distribution of the power uses wires of a 
sufficient size to carry the intended current without an appreciable line loss of 
power in the cables. All cables terminate in flight qualified electrical connectors. 
The cables are shielded against any electromagnetic interference (EMI). The 
control leads and the instrumentation leads are fabricated in separate cables to 
minimize inductive pickup between leads. 

The packaging and mounting of the subsystems take into consideration the 
environmental conditions to which the systems will be subjected. The cases have 
a watertight seal with hermetically sealed electrical connectors. The battery 
and electronic circuits are shock mounted to impede the inherent shock and 
vibration of the SRM assembly through liftoff, flight, separation, and ocean 
splashdown. 

The subsystems with the associated cables are capable of continuous 
operation for checkout and calibration throughout the complete flight mission from 
either ground power or from the onboard batteries. 
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3. 4. 2. 2 Additional Design Features 


The design features discussed below are presented separately from the base- 
line design in accordance with the NASA direction to provide visibility ns to the elloe 
(primarily on cost) of a TVC and abort system. The TVC system consists of a m'wab 
noazle with a flexible bearing, an actuation system, a hydraulic power unit (ll PH), 
the associated electronics. 

The abort system Is comprised of thrust termination ports at the head end of 
the motor, a malfunction detection system, and an optional motor de struct system, 
necessary electronic equipment relative to the stage is also discusse: . 


Figure 3-33 
design features. 


shows the parallel bum SRM Stage incorporating these additional 


3. 4. 2. 2.1 TVC System 

The TVC system selected Is based upon the use of a flexible bearing to achieve 
noszle thrust deflection capability. Thts system has been successfully tested ™ 1»» 
motors end tB currently employed on both stages of the Poaet on ^ ' 

flexible bearing is the logical selection, based upon experience and demonstrated 
capability. Further rationale leading to Its selection is presented below. 

Numerous studies have been performed over the past few years by Thlokol, 
Aerojet, Lockheed, and NASA investigating the various types of TVC nozzles that 
could be readily adapted for use on a large solid propellant booster. These studies 
considered the following nozzle types: 

1, Forward pivoted flexible bearing nozzle 


2. Aft pivoted flexible bearing nozzle 

3. Hot gas secondary injection TVC (HGTVC) nozzle 

4. Liquid Injection TVC (LITVC) nozzle 


5. Gtmbaled nozzle 

6. Mechanical interference TVC systems such as: 


a. Jet tabs 

b. Jetavators 
o. Jet vanes 
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d. Supersonic splitline 

e. Mechanical probes 

7. Dual flexible bearing nozzle 

8. Techroll movable nozzle 

The studies indicated that none of the mechanical interference systems 
warranted further investigation as it was concluded that development risks (and cost) 
were greater than other TVC techniques, primarily because of the severe materials 
problems. Additionally, high nozzle and actuation system weight penalties and per- 
formance losses were encountered. 

Of the many TVC systems investigated, the dual flex concept is by far the 
most attractive with regard to total system weight (the sum of nozzle and actuation 
system weight) , required actuation system output horsepower, and cost. However, 
although the dual flex has been successfully demonstrated in an actual subscale static 
test, it is not as fully developed as are the single flexible bearings which have been 
fabricated and successfully flight tested on the Poseidon and Minuteman systems and 
successfully bench and static tested on 156 in. motors. Considerable development 
effort and cost would be required to advance the dual flex concept to the same relative 
state. 


Studies performed by NASA* and others on TVC systems for the 260-in. diameter 
motors showed LIT VC to be considerably inferior to the movable flexible bearing 
nozzle from both weight and cost standpoints, even for small thrust vector angle require- 
ments. The LITVC system weight was found to be about three times that of the flexible 
bearing system and the cost nearly 81 percent higher. A comparison of typical systems 
for a 156-in. motor indicated approximately the same results. 

If large vector angles are desired, as in the proposed system, the flexible 
bearing system has demonstrated a thrust vectoring capability up to + 17. 5 deg in 
smaller tactical missile system nozzles. Studies and analyses have shown such vector 
capability can be readily achieved in hugei oi*6 flexible bearings. The LITVC system 
is limited to a maximum achievable effective angle of 4 to 5 deg. 

The hot gas thrust vector oontroi technique has the same disadvantages as the 
LITVC method with the additional drawback of not being state-of-the-art. This technique 
would also necessitate an extensive development program prior to its acceptance as a 
reliable meanB of thrust vectoring. 


*Ref NASA Technical Memorandum NASA-TMX-67912. 
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The glmbaled nozzle has the advantage of being state-of-the-art and has the 
capability of attaining large vector angles, but weight and fabrication cost are pro- 
hibitive regardless of the required vector angle, 

The Techroll Movable Nozzle concept being developed by UTC appears quite 
promising from the standpoint of having lower system torque and, therefore, reduced 
actuation system power requirements and weight. The concept has been demonstrated 
on some small nozzles but is far from being state-of-the-art, partlculaily for th 

large size nozzles being considered. Extensive development would be required. 

Cum>ry Investigation of a typical TechroU ayatem for the fM-tn . alae no, ale In; henton 
that the end rings would be quite massive and much heavier than those for a flexible 
ttZ system? In addition, the radial clearances required between the inner and outer 
rings would permit excessive radial movement and offset the thrust centerline unless 
an additional restrictive system was developed and incorporated. 

The aft pivot flexibl e bearing system is nearly equivalent to the forward pivoted 
system. It would require a greater actuation system power capability, however, since 
thetaiUble moment arm length la ooaatderably lean than that of the forward pivoted 

system. 

In summary, investigation of the forward pivoted flexible bearing nozzle 
indicated it to be the most suitable system for the 156-in. SRM booster motors. It 
is a highly reliable, relatively lightweight system as well as being considerably lev- 
in cost than the other systems evaluated. 

3. 4. 2. 2. 1.1 TVC Nozzle 

The TVC nozzle is a partially submerged, movable, omniaxial, state-of-the-art 
design providing + 5 deg thrust vector control capability. Its size, configuration, 
gimKmech^tmn. and materials are typtcri of thoae of the 156-9 noeale anccaafnlly 

demonstrated by static test in 1967. 

The gtmbaltng mechanism is a forward pivoted flexible bearing consisting of 
alternate laminae of metallic and elastomeric shims Integrally bonded to a "J b ®^ ee 
forward and aft end rt»*s which In turn interface with the nozzle movable and fixed 

sections to form the complete assembly. 

With exception of the gimbaling mechanism, the nozzle is essenti^ly identical 
to the baseline SRM nozzle and contains the same basic design features, redundancies, 
and margins of safety. 

The nozzle design Is shown in Figure 3-34. Criteria employed in developing 
the design and dimensional characteristics of the nozzle are listed in Table 3-2o . 

Figure 3-35 shows a cross section of the flexible bearing aseembly. 
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table n-ao 



NU7//LK CHARACTERISTICS DESIGN CRITERIA 


Throat Diameter, Initial (in.) 

Throat Area, Initial (sq In.) 

Exit Diameter, Initial (in.) 

Exit Area, Initial (sq in. ) 

Expansion Ratio, Initial 
Exit Cone Half Angle (deg) 
Submergence (%)* 

TVC Capability (deg) 

TVC Slew Rate (deg/sec) 

Pressure, Average (psia) 

MEOP (psia) 

Safety Factors 
Ablatives 
Structure 

Proof Pressure Test, Flex Seal 
Nozzle Weight (lb) 


4fi. 04 
1, 090. 20 

148.0 

17.208.4 
JO. 8:1 

17.0 

9.4 
+5 
5 

830 

1.000 

2.0 

1.4 

I. 2 X MEOP 

II, 890.38 


♦Submergence 


Length, Throat to Flange 
Length, Throat to Exit 
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■e 3-35. Flexible Bearing Cross Section 





The ablative and insulattva materials are i dan linn I to those of the baseline 
fixed nozzle, are used in the same manner throughout thin design, and were Koleeteii 
for the reasons oited previously. 

The structural elements of both the movable and fixed seel ions of the no/zb' 
are heat treated AISI 4130 iteel, as are the end rings and metallic! shimH of the flexible 
bearing. This material la relatively inexpensive, readily available, and easy to work 
with from the fabrication standpoint, while providing the* necessary slrength and 
stiffness required for the nozzle and bearing structural elements. 

For the flexible hearing elastomer, both natural rubber and synthetic poly 
isoprene have been used extensively, and there Is little or no difference in performance. 
Polyisoprone has a somewhat higher shear strength than the natural rubber, however, 
and therefore, has been selected for this design. The flexible bearing insulntlve boot 
is of V-44, an asbestos/ silica filled elastomeric material which also has been tested 
previously and proven in this and other applications. 


Fabrication of the nozzle structural elements and ablative/insulativo liners 
is accomplished in the same manner previously described for the baseline fixed nozzle. 

In fabricating the flexible bearing assembly, the end rings are machined from 
ring forgings, and the metal shims are either spin or explosive formed from sheet 
stock. After trimming, surface preparation and cleaning of the metal shims is com- 
pleted, appropriate thicknesses of the uncured elastomer are laid up on each shim, 
and the shims then stacked between the end rings in a mold fixture which holds the shims 
in their proper position. Correct spacing of the shims is also provided for by the 
fixture to insure proper thicknesses of elastomer are obtained. Heat and pressure 
are then applied to the assembly to cure and vulcanize the elastomer and metallic 
laminae into an integral unit. 

The bearing insulative boot is fabricated in a similar manner, the raw 
material being laid up in a mold cavity, the die closed, and heat and pressure applied 
to effect cure of the part. The die molded boot is then bonded to the end rings to 
complete the flexible bearing assembly. This is the same procedure developed and 
proven in fabricating three 156-9 nozzle bearings, and also Is used currently for 
flexible bearing fabrication for the first and second stage nozzles in the Poseidon 
production program. Following fabrication, the bearing assembly is thoroughly 
tested to verify functional capability and structural and sealing Integrity. 

Final assembly of the nozzle involves bonding of the various plastic components 
into position, joining the fixed and movable structures to the flexible bearing assembly, 
installing the cone retention pins, and overlaying and curing the glass cloth structure 
at the exit cone joint. 

To arrive at a credible nozzle design, preliminary layouts were prepared 
and a series of analyses made to establish the final configuration. The Bame but 
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somew hat more extensive series and sequence of analyses were performed tor this 
design as for the baseline fixed nozzle. Although both nozzles are essentially the 
same, separate analyses were required since point loads from the actuation system 
had to be considered In designing the structure of the movable nozzle, and an 
extension of the analyses was necessary to cover the flexible bearing assembly. 

In addition, past test data and experience has shown that movuble nozzles experience 
slightly greater erosion than fixed nozzles, and therefore It was necessary to modify 
some parameters in the ablative analysis. 

In all cases, the appropriate safety factors, as listed in Table have 

been incorporated to lnaure design and performance integrity. Excessive margins 
of safety, however, have been avoided in order to minimize weight and I'ost. 

Erosion and char profiles resulting from the analyses are shown lit Figure 
3-30. Mass properties of the design are listed in Table 0-21. Analysis of the flexible 
bearing produced the torque values given in Table 3-32. 



Figure 3-36. Nozzle Erosion end Char Profile, Tt> 
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TABLE 3-22 

FLEXIBLE BEARING NO'/'/LE ACTUATION 


{■ 

| 

TORQUE, TU-742/03 MOTOR 


i 

p 

(Million ln.-U») 


i 

r 

Comnonent 



Internal Aerodynamic 

1 . 143 

5 

i 

| 

Offset 

0. 333 

Seal Spring (5 deg vector) 

0.904 

l 

Seal Boot Spring (5 deg vector) 

0.045 

! 

Gravity (considered only for horizontal static test) 

0. 543 

1 

Total 

2.988 


\ 

1 

I 

! 

I 

I 

I 

I 
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3. 4. 2. 2. 1.2 TVC Actuators 


The reliability and redundancy requirements of the Spare Shuttle system 
necessitate the use of multiple, failure -cor reeling ser vosictualors l'or the SUM 
thrust vector control (TVC) system. The TVC actuation subsystem consists of 
two hydraulically operated, tandem sorvoactuators per motor. Kadi actuator 
consists of servovalves which control the flow of hydraulic fluid, the main ram 
which provides power to position the SUM movable no/./.le , and position trails 
ducers for feedback. Also included in the sorvoaetuntor are the failure detection 
functions of the actuator subsystem. Since the principal reliability problem area 
Is the servovalve, reliability is improved by the use of redundant channels, auto 
matic detection of failures , and the bypass of a failed channel . 


The selected TVC sorvoaetuator is shown schematically in Figure 3-37. 

The TVC actuation requirements arc listed on Table 11-22 A. 1 his actuator is an 
electrohydraulic two channel, tandem piston configuration. This operato/fail/operate 
actuator is an implementation of redundant hydraulic control, employing an intra- 
system monitoring capability. The actuator consists of two independent, hydraulically 
isolated, channels with each channel capable of controlling the tandem piston. Only 
one channel controls the actuator at any one time. With a malfunction in the control- 
ling channel, an automatic switch is made to the standby channel; thus, there is 
neither a loss in output force nor a performance degradation. 

When hydraulic pressure is applied to the scrvoactuator , the solenoid 
valves are pulsed to engage the system. Once pulsed, the solenoid valves are 
held on the seat with hydraulic pressure. This in turn energizes the system engage 
valve and activates channel No. 1. The active servovalve in channel No. 1 then 
acquires control of the actuator . 

An auxiliary flapper nozzle develops pressure proportional to the position 
of the second stage servovalve spool. The auxiliary pressures from the active 
and monitor servovalves are fed to opposite ends of the comparator spool. If no 
malfunction occurs, the two monitor pressures will remain equal in magnitude and 
the comparator spool will remain centered. If a malfunction occurs, the output 
pressures of the active and monitor servovalves will differ. This will cause a 
pressure difference on the comparator spool creating motion of that spool. When 
the pressure difference exceeds a predetermined threshold, motion of the compara- 
tor spool will dump the supply pressure , holding the engage valve in the engage 
position. The engage valve of channel No. 1 will be forced by a spring into the 
bypass position where it blocks the output of the active servovalve of channel No, 1. 
The engage valve responds by moving one step , and channel No . 2 becomes the 
active channel and operates in exactly the same manner aB channel No. 1 had 
acted previously. 

Failure threshold of the comparator can be easily varied by spring rate and 
overlap of the comparator spool. Once the optimum threshold is determined, it 
will remain fixed in the design. 
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TABLE :i~22A 


TVC ACTUATOR REQUIREMENTS 


TVC anglo (deg) 

TVC slew rate (dog/wee) 
Load (lb) 

Area (sq In.) 

{Stroke (in.) 

Supply pressure (psi) 
Eiow rate (gpm) 

Max pump horsepower 
Redundancy 


f> 

r» 

11,0110 

i:t.« 

Ui.l 

• 1,000 

!«.!> 

00.5 

Activc/stnndhy 
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A failure in channel No, 2 will cause the acluntor to fail in a bypass mode 
or nulled condition. Channel failure is monitored by a pressure switch on the 
comparator valve, and a signal is transmitted to the shuttle vehicle. 


A decrease in hydraulic system pressure which exceeds a predetermined 
threshold in a channel will cause the solenoid valve to unseat, thus , switching 
to the unf ailed channel . 

After a malfunction, a channel will not come hack on line until the solenoid 
valve Is again pulsed by the flight crew. If the malfunction has boon corroded, 
pressure will hold the solenoid valvo on its seat. Input to the comparator spool 
from the active and monitor servovalves will be identical, the engage valve will 
bo pressurized, and the pressure switch will cycle, thus returning the channel to 
normal operation. If a malfunction is still present, the chunncl will immediately 
switch off line as before . 

Attached to the actuator piston are four position feedback linear variable 
differential transformers (LVDT). One LVDT is utilized for each of the four 
channels for servostabilization as shown in Figure 3-38. Since hydraulic monitor- 
ing is utilized downstream of the servovalve, failures in the LVDT i sorvoamphfier , 
servovalve, and guidance signals are detected and automatically corrected without 
appreciable actuator movement. 

The two basic types of actuator feedback considered were mechanical and 
electrical. Mechanical feedback actuators are currently being utilized for engine 
positioning on several space boosters . including the Saturn launch vehicle. The 
reason for this selection is the contribution of the mechanical feedback system to 
the TVC system reliability. The basic contribution to reliability is achieved 
through elimination of the LVDT position transducers together with their associ- 
ated cabling and power supply. Even more significant is the reduction of hard- 
over failures. The mechanical feedback actuator "fails neutral" with a loss of 
electrical control. In the nonredundant electrical feedback actuator , if the 
feedback transducer opens, an actuator cable Is severed, or the servoamplifier 
malfunctions, a hardover actuator results. 

The major disadvantages associated with mechanical feedback actuators 
occur during the development phase. However, extensive use of analog computers 
for initial sizing of the actuator feedback parameters greatly reduces the trial 
and error selection of loop gains, pressure feedback sensitivity, and other 
characteristics which are mechanically rather than electrically actuated. Once 
the feedback actuator has been built, It is necessary to disassemble and rebuild 
it if a loop gain change Is required. The servovalve is not easily removed or 
replaced and Is usually attempted only at the manufacturer's facility. 
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Table 3-23 summarizes tho key aetuator feedback consideration*. Meehan i 
cal feedback actuators improve the system reliability by eliminating the t*l«**tt rii-.ii I 
feedback transducer, cables, and power supply. Also provided are inhered "tail 
neutral" tendencies. This reliability Improvement is achieved at. the expense of 
some loss in static positioning accuracy and some inconvenience in the ability to 
change servoloop parameters. However, tho Space Shuttle redundancy require- 
ments necessitate the use of redundant TVC actuators. Uedundanov was achieved 
in the manrated Saturn launch vehicle through the use of four engines eaeh gimbaled 
with a mechanical feedback actuator in each axis, loss of one of the four TVC 
systems would not result In a mission failure. However, in the solid propellant 
Space Shuttle booster, the number of nozzles available lor TVC control (excluding 
tho shuttle) is reduced to two. It becomes apparent that redundant actuators arc 
required, since loss of one TVC system would jeopardize the mission success. 


Techniques have been demonstrated to develop redundant actuators utilizing 
electrical feedback. These actuators are capable of sensing and eliminating single! 
actuation and guidance system failures. There are no known actuators in use or in 
development utilizing redundant mechanical feedback. Typically, redundancy with 
mechanical feedback actuators is achieved through multiple actuators. Based on 
this fact and coupled with the costly development required for mechanical feedback 
actuators , the selected TVC actuator feedback concept is one of electrical utilization 
of automatic failure detection and correcting techniques. 


There are two basic types of redundant control systems, monitorless and 
monitor. A monitor less redundant control system minimizes the effect of any one 
component failure by the use of multiple operational units. The operational units 
are connected so that failures tend to be canceled out by the remaining "nonfalled" 
components or channels. 


A monitor redundant control system is based on the principle of continuous 
performance comparison of multiple operational channels and the removal of the 
effects of the fail channel by switching techniques. 


For the purpose ol‘ this study , only active/standby system monitoring is 
considered. For this monitoring technique, the control channels can be selectively 
coupled to the actuator . Only one control channel is coupled at any one time to the 
actuator. No performance degradation occurs as in force sharing monitoring since 
each control channel is made similar to the others. 

The basic requirement of the TVC actuator Is that It must withstand any first 
internal failure or external Input or power supply failure with no performance 
degradation. While performance degradation may be acceptable , it certainly is not 
an advantage. The second requirement Is that upon any second failure, transfer 
of the actuator to a bypass condition must occur. A hardover condition as a 
result of a second failure is unacceptable. The monitoring technique assumes that 
Independent electrical and hydraulic power supplies are available to achieve control 
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table a-aa 


TVC SERVOACTUATOll FEEDBACK CONSIDERATIONS 


Item 

Electrical Feedback 

Mechanical Feedback 

Initial engineering 
development coats 

Nominal 

Much higher due to n|>eeiul 
nature of the design 

Development flexi- 
bility 

Easily modified 
gains and compensation 

Require disassembly of 
actuator for gain change, 
etc. Computers are used 
to minimize changes 

Troubleshooting 

Many components to check; 
ic, amplifier servovalve, 
feedback 

Simple replacement of 
actuator 

Replacement of 
servovalve 

Easy 

Only at manufacturer's 
facility, usually replace 
total actuator 

Accuracy 

Dependent on feedback 
linearity and servoloop 
gain 

Dependent on stability of 
current driving amplifier 

Servoampllfler 

requirements 

High gain operational 
amplifier for signal 
summing and compensation 

Low gain, high stability, 
low drift 

Torque motor 
availability 

Many sizes available 

Various sizes not readily 
available. Development 
of torque motor required 

Typical failure mode 

Hardover 

Fail-safe - typically the 
actuator goes to neutral - 
large reduction in hard- 
over failure modes 

Overall reliability 

Nominal 

Improved 
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channel isolation, Four TVC actuator concepts urn evaluated on the basis of weigh! , 
reliability, ease of development , ease of manufacture, simplicity, ease of maialea 
ance and cost. 

System No. 1 — Aetive/Standbv - Exter nal M onitoring' 

System No, 1 is shown In Figure The actuator consists of a tandem 

power ram and incorporates two servoehannels. Two independent hydraulic supplies 
provide completely redundant channels. The normal operation oi the adualor is 
such that the engage valve allows operation of the power actuator by servovalve 
No. 1 whllo channel No. 2 la In a standby mode. Normal operation occurs until an 
external signal from cither the flight crew or the guidance system activates the 
engage valve, thus bypassing channel No. I and activating channel No. 2. A second 
failure to the actuation system, as sensed by the guidance system, places Hie 
actuator in a neutral condition bypassing both channels. Reliability of the actuation 
system is Improved due to the redundancy of the electrical and cloctrohydraulie 
components. A disadvantage of this system stems from the external nature of 
the channel switching command. Since monitoring of actuator failures is down- 
stream of the power ram, large actuator transients may occur since external 
effects such as attitude rate are monitored to detect TVC failures. 

System No. 2— Triple Channel - Majority Voting 

System No. 2 shown in Figure 3-40 is an active standby configuration of 
redundancy. This system is designed so that the operational characteristics of 
the standby channel are similar to the active channel. Both channels are fed 
through a three position engage valve. Upon commands from the internal hydraulic 
monitoring and logic section , the engage valve transfers the system through its 
redundancy operating modes . 

Monitoring is carried out at spools of the servovalves , using a hydraulic 
position transducer. A third servovalve is used as a reference monitor channel. 

For any first failure, the system either transfers to the standby channel, or in 
the situation where the first failure is the standby channel, activates itself so that 
the standby channel cannot be engaged upon occurrence of a second failure. Since 
monitoring is carried out at the servovalve spool prior to the actuator ram , hard- 
over failures of the servovalve, command input, servoamplifler , and position trans- 
ducer are detected without requiring a deviation of the actuator from the commanded 
position. Additional advantages of thi s redundant concept aie: 

1 . The actuator transfer time Is easily made very 
short since solenoid valves are not utilized. 

2. Single component failures causing total control 
system failures are limited to components histori- 
cally having an extremely low failure rate . 



Figure 3-39. System 1, Active/Standby, External Switching Actuator 



3-120 





Figure 3-40. System 2, Triple Channel, Mai ritv 











3. Monitoring and logic kept in the hydraulic energy 
media is relatively insensitive to environmental 
conditions. 

4. The monitoring system is insensitive to load 
variations In the output ram, 

System No. 2 has the following general unfavorable eharaeteriHties 


t. A third servovalve is required an a monitor. 

2. Throe hydnudie comparators and shutoff valves 
are required. 

3. A third independent, hydraulic power supply is 
required. 

4. A third position transducer and servoumplifier 
nru required. 

St/stem No. 3— Active/Standby - Dual Channul - Internal Switching 

System No. 3 shown in Figure 3-41 consists of two independent systems 
with complete hydraulic Isolation controlling a tandem actuator . Only one system 
controls the actuator at a time. With a malfunction in the controlling system, an 
automatic Internal switch to a fully operational standby system is made , thus 
eliminating any loss in output force or performance degradation. System No. 3 
has the general favorable characteristics of System No. 2 while requiring only 
two independent hydraulic systems. System No. 3 has the following general 
unfavorable characteristics. 

1. A fourth servovalve Is required. 

2. Two comparators and two shutoff valves are required. 

3. A fourth position transducer and servoampllfler are 
required. 

System No. 4--Actlve/Standbv - Triple Channel - Internal Switching 

System No. 4 shown In Figure 3-42 consists of three Independent systems 
with complete hydraulic Isolation controlling a triple tandem actuator. Only one 
channel controls the actuator at a time. With a malfunction in the controlling sys- 
tem, an automatic internal switch Is made to the fully operational standby system. 
The obvious advantage of System No. 4 over System No. 3 Is that the actuator can 
withstand three failures before the actuator Is rendered useless. 
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Figure 3-41. System 3, Active Standby, Dual Channel, Internal Pitching Actuals 






Figure 3-42. System 4, Active/St&ndby, Triple Chan 








System No, i has the following general enlavorahle eharaeteriHUe.s: 


1, Six servovalves are required. 

2, Six feedbacks are required. 

3, Six servoampUfiers are required. 

4, An additional comparator and shutoff valve are required. 

In the following discussion, each of the four redundant; systems are evalu- 
ated on the basis of weight, reliability, ease of development, ease of manufacturing, 
simplicity, case of maintenance, and cost. The effects of actuator redundancy 
requirements upon additional If PU requirements are also discussed. 

Weight 


As shown in Table 3-24 , the TVC actuator weight for the four redundant 
systems Is relatively constant due to the large weight of the power ram. However, 
there is a significant weight penalty when considering Systems 2 and 4 , since these 
systems require a third HPU based on the actuator redundancy mechanization. For 
System No. 2, the additional HPU could be a low power unit since its only function 
is to provide hydraulic power to the monitoring system. 

Reliability 

A reliability summary is presented in Table 3-25 . With the minimum 
reliability requirement given as 0. 9999, all four systems exceed the minimum 
reliability requirements. The mean time between failures (MTBF) for ail re- 
dundant systems exceeds 5, 000 hr. 

Ease of Development 

All of the actuators considered in this tradeoff study have been fabricated 
and tested. There appears to be no hidden development risks. Only a modest 
scale-up due to hydraulic flow rate Is required. The systems with their corres- 
ponding backgrounds are as follows: 

1. Active/Standby - External Switching (developed by LTV 
Electro System for the X20 Dyna-Soar Space Glider). 

2. Triple Channel - Majority Voting (developed by Hydraulic 
Research and proposed for C5A and SST). 

3. Active/Standby - Dual Channel - Internal Switching 
(actuator developed by Hydraulic Research). 
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4. Activo/Standhy - Triple Channel - Internal Switching 
(actuator developed by Hydraulic Research and Kvalu- 
ated by NASA for the Space Shuttle). 


Ease of Manufacture 

All of the systems considered sure complex devices requiring many manu- 
facturing steps. The total number or major components and assemblies provide 
the basis for this evaluation. An increase in redundancy requirements reduces the 
ease of manufacture. 


Simplicity 

As the degree of redundancy increases, the relative simplicity decreases 
due to the increased number of components. There is a significant simplicity 
penalty when considering Systems No. 2 and 4 due to the requirement of a third 
HPU to provide the required actuator redundancy. 


Ease of Maintenance 

The maintenance evaluation assumes that the primary activities will involve 
system checkout of control functions. All actuators are considered line replaceable 
items. Due to the increased redundancy requirements, System No. 1 has the highest 
rating. 


Cost 

The redundancy requirements increase the cost of the TVC actuator. The 
basic assumptions are that the servovalve production cost is $1,200 and the HPU 
production cost is $50, 000. Again, there is a significant cost penalty for Systems 
No. 2 and 4 due to the requirement of a third HPU to provide the required actuator 
redundancy. 

Table 3-24 summarizes the ratings previously discussed and applies the 
weighting factors to establish total weighted ratings for each system. Following 
is a listing of the relative standings of the various systems, together with the total 
weighted rating. Ratings are based on a maximum possible total score of 100. 
Negative numbers reflect penalties due to the requirement of having a third HPU 
to provide the required actuator reckindancy. 


System No. 1 Active/Standby - External 
Switching 

System No. 3 Active/Standby - Dual Channel 
Internal Switching 


88.40 
82. 85 




3-128 


System No, 2 Triple Channel - Majority 
Voting 

System No. 4 Active/Standby - Triple 

Channel - Internal Switching 
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Based on the foregoing evaluation, both System No. 1 or System No. 3 are 
suitable for the Space Shuttle booster TVC system. However, System No. M is 
recommended because of its internal failure detection and correction techniques. 
This Internal detection and correction technique reduces large vehicle transients 
that would be caused by external sensing of attitade rate. Error detection for 
System No. 3 is ahead of the power ram rather than wholly within the vehicle 
guidance system or flight crew systems. 


3. 4, 2. 2. 1. 3 Hydraulic Power Unit 

The selection of a flexible bearing necessitates the requirements for a 
suitable actuation and control scheme. Preliminary design studies and applicable 
tradeoffs by the aerospace Industry indicate that several attractive methods c an 
satisfy the 156 in. Space Shuttle booster performance requirements. Evaluation 
of these studios for the baseline hydraulic power supply reveals that redundant 
monofuel powered turbine driven hydraulic systems best satisfy the manrated 
Space Shuttle boosters needs, The rationale and credibility criteria are sum- 
marised in Tabic 3*26. Schematic representation of the entire baseline nozzle 
actuation and control system is shown in Figure 3-43. A general arrangement 
layout of the major equipment locations is shown in Figure 3-44. 

Several types of hydraulic power units (IIPIJ) were considered which could 
be used to drive the hydraulic servoactuators on movable nozzle systems. The 
primary candidates are: 

1. Solid propellant warm gas generator-turbine-pump. 

2. Solid propellant warm gas generator blowdown. 

3. Cold gas passive blowdown. 

4. Monopropellant warm gas generator-turbine-pump. 

5. Warm gas motor pump. 

In addition to these systems, several other HPU types were investigated 
but were not selected as primary candidates. Included in this category are the 
free piston pump, pneumatic (warm gas) actuators, and the turboactnator. 

The free piston pump is essentially a hydraulic pump consisting of a single 
piston driven by pneumatic pressure (a warm gas generator in this case). The 
piston is made to oscillate by alternately pressurizing each end of the piston rod. 

The resulting hydraulic flow Is a function of the cyclic rate and the piston area. 

This system is especially attractive from a weight and simplicity standpoint up to 
about 40 horsepower. * From the referenced study, the weight of a free piston pump 
system would be approximately 225 lb for the program under consideration; however, 
lack of development and consequent confidence was the primary reason for discon- 
tlnuing study of this type of HPU* 


*P. H. Stahihuth, "Study Determines Uses of Free Piston Pump." Hydraulics 
and Pneumatlos (May 1971), pp 93-96. 
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The turbo- and pneumatic actuators wore excluded primarily for the name 
reason. Although there is little doubt that such systems could be developed, it is 
felt that the development time and risk are not compatible with program requirements. 
The turboaetuntor suffers another deficiency la that it is more difficult to obtain 
redundancy than with other systems. 

Solid Propellant Warm Claa Generator - Turbine - Pump 

The design and operation of the solid propellant warm gas turbine pump 
system (WGTP) is similar to that of the selected hydrazine fueled system except 
that a solid propellant is used as this means of supplying warm gas. 

Two variations of the WGTP system were studied. One method used a 
variable displacement pump (VI) P) while the second used a fixed displacement pump 
(FDP)* The VDP has a definite weight advantage over the F1)P{ however, it is more 
complex. The VDP discharges hydraulic fluid on demand; conse<(uently during 
periods of no demand (or very low demand), the: pump requires little input power. 

The turbine, sized to run at maximum load, will tend to overspeed during these low 
demand periods unless a turbine speed control is incorporated in the design. This 
speed control, not required with a fixed displacement pump, results in increased 
complexity. 

The fixed displacement pump produces flow at a constant rate throughout its 
operational period. If there is no demand for flow by the actuators, then the flow 
is bypassed to the reservoir. The hydraulic power produced by the pump is con- 
verted into heat and consequently the oil will, increase in temperature throughout 
the operational time of the pump. For this reason, a large reservoir must be pro- 
vided so that the oil can absorb the heat produced. Although the VDP and FDP 
weights are similar, the addition of the large reservoir and hydraulic oil to the 
FDP system results in a significantly heavier system. 

Simplified schematics of the VDP and the FDP system are shown in 
Figures 3-45 and 3-46, respectively. 

Table 3-27 gives a weight comparison of the systems studied. Note that 
the weights of the actuators, controls, tubing, etc, are not included since it is 
assumed these components will be common to both systems and have the same 
weight as long as system pressure remains at 4, 000 psi. 

The design parameters used to evaluate systems are shown in Table 3 -2a 

Turbine shaft horsepower is computed by: 
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TABLE 3-28 


P arameter 
Torque (In. -lb) 
Hydraulic horsepower 
Aotuator area (sq in.) 
Actuator flow (gpm) 
Stroke (in.) 

Action time (sec) 

Max vector angle (deg) 
Max slew rate (deg/sec) 
Design horsepower 
"G" loading 


DESIGN PARAMETERS 


Parallel 

Series 

2.45 x IQ 8 

3.08 x 10 6 

60.5 

77 

13.8 

17.3 

18.5 

23.2 

+ 6.4 

+ 6.4 

140 

140 

+ 6 

+ 5 


5 5 

87 87 


3 


3 


Where - HP Is the hydraulic horsepower and Ej la the pump and 
gearbox efficiency. 

Gas horsepower (GHP) is in turn obtained by dividing SHP by the efficiency 
of the turbine. Warn gas flow rate (W) was computed from the equations 

fr _ GHP (56 01 
Ha d 

Where - Ha d is the adiabatic head In feet. 

The grain weight is then: 

Wg = W (ta + 10) 

Where - tg is the action time. 

It was assumed that the system would be started approximately 10 sec before 
launch in order for the system to be up to pressure at the initiation of motor operation. 
A mass fraction (0) of 0. 75 was used to compute the total weight of the gas generator. 
This value was used for all cases where the gas pressure was 1. 000 psi. 

The weight of remaining components was taken from curves used in the 
Thiokol TVC computer program. This program, "Advanced Thrust Vector Control 
Preliminary Design Computer Program, " produced in 1968 under Contract AP 04(611)- 
11647, computes the weight of the TVC systems as part of the preliminary design. 
From Table 3* it may be noted that the FDP system is approximately 62 lb heavier 
than the corresponding VDP system. 

Solid Prop aMnn * warm na n Generator Blowdown 

The warm gas blowdown (WGB) system is shown In a simplified schematic 
on Figure 3-47. The primary components are a solid propellant warm gas gener- 
ator, relief valve, and a blowdown reservoir. 

Knowing the maximum hydraulic flow rate required (Q) from the system, 
the gas flow from the gas generator Is computed from* 

W * pQ 

Where p is the density of the gas. 

The weight of the gas generator is oomputed by the ssme method ae for the turbine 
systems. 
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The gad generator preaaure was assumed to be 3, 000 psl and consequently 
the hydraulic supply pressure would have the same value. This would require 
slightly larger servoactuators. Although not expected to be great, this factor must 
he Included In the complete tradeoff. 

In sizing any blowdown system, a thorough knowledge of the duty cycle must 
be available. For this study, use was made of the duty cycle used In the design of 
a TVC system for a 260 in. solid propellant motor under NASA Contract NAS3-12040 
In 1969. The duty cycle presented by NASA-Lewis Included a 0. 2 cps limit cyolo 
oscillation with an amplitude of 0. 1 dug. 

The volume of fluid displaced is computed by the equation: 

. . /*t= +140 

V = M 3 / <|sy 1+ 1 3p|) #+ Ql‘ 

• j t« -10 

Where: 

Ap = actuator piston area, sq in. 

1 = lever arm, in. 

Sp, y = pitch and yaw rate, deg/sec 
Q l = servovalve leakage flow, cu in. /sec 
t = time, sec 

The integral in the above equation was multiplied by a factor of two to 
account for the larger vector angle requirement in the present program. It was 
assumed that servovalve leakage flow is 1 gpm per valve. The total volume uf 
hydraulic oil used Is 2,396 cu In. An expulsion efficiency of 95 percent was used 
to bring the total volume of oil to 2,520 cu in. 

The total weight of the WGB system as noted on Table 3-27 is 287 lb. To 
this must be added a small amount to differentiate between the weight of the actu- 
ation for a 4, 000 psi system versus a 3, 000 psl system. It should also be remem- 
bered that any change in duty cycle requirements may considerably change the 
size and weight of the system. It is relatively simple in that it has few components 
and moving parts. It has the disadvantage of not being readily adapted to prelaunch 
checkout; however, provisions can be made for checkout at the additional cost of 
weight and complexity. 
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Cold Gas Passive Blowdown 

A simplified schematic of the oold gas passive blowdown system (CQB) Is 
shown In Figure 3-4& Pressurised gaseous nitrogen Is used as a power souroe to 
provide tydraulie flow to the servoaotuators. The pressurized gas Is stored In the 
same container as the hydraulic fluid, A hydraulic pressure regulator Is located at 
the outlet of the tank to maintain a constant 3, 000 psl pressure to the servosystem. 
Initial tank pressure Is 5, 000 psl. During operation the gas elands as fluid is dis- 
charged, and at the end of firing the final gas pressure Is 3, 800 psl. The amount 
of oil expelled Is 2, 395 cu In. as was used for too warm gas blowdown system. The 
total tank volume required Is 8, 970 eu In. 

The weight of the cold gas system Is shown on Table 3-27 as 473 lb. This 
Is considerably more than the other systems; however, it has a great advantage 
because of the simplicity and low cost. It was because of this simplicity and re- 
sulting reliability that NASA-Lewls chose a passive CGB system over a turbine 
system in the study referred to previously. 

As with the warm gas blowdown system, the disadvantages are the checkout 
procedure and the duty cycle limitations. A checkout technique can be designed 
into the system using a quick disconnect as shown on the schematic. Ground 
hydraulic power can be attached at that point and used to position the movable nozzle. 
The duty cycle must be defined with sufficient safety factor to insure an adequate 
supply of hydraulic fluid. 

Liquid Fuel Turbine Pump 

This system uses the same components as previous designs except for the 
gas generator and accessories necessary for the liquid propellant (monofttel) gas 
generator. For the warm gas liquid fueled generator scheme, hydrazine is used 
as a fuel and pumped to a catalyst bed by a centrifugal fuel pump. A simplified 
schematic of the liquid fueled system Is shown In Figure 3-49. Fluid is pumped 
through a fuel valve which controls flow to the catalyst bed and hence to the turbine. 
The fuel pump can be mounted on a common shaft with the turbine so that It will 
always turn at turbine speed. The output pressure of the fuel pump Is essentially 
independent of flow but a direct function of pump speed and consequently turbine 
speed. The fuel valve senses pump output pressure and varies flow to the turbine 
as a function of this pressure. Thus, turbine speed Is controlled and can be main- 
tained at almost constant speed over the entire hydraulic flow range. Low pressure 
warm gas Is bled off at the turbine and fed back to the fuel tank to create a slight 
backpressure on the fluid. The system Is started by firing a cartridge propellant 
which drives the turbine to Its operating speed. This cartridge also raises the 
temperature of the catalyst bed to assist decomposition of the fuel during startup. 
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Figure 3 -4 ft Liquid Fuel System (Hydrazine) 







The system was sized using both a variable displacement and a fixed dis- 
placement pump. Welghta are given In Table 3-27. A more detailed description 
of this system Is presented later. System weights were obtained by scaling down 
the present Concorde system which has a 480 seo operating time to a 150 sec time. 
The fixed displacement pump version Is essentially the same except a larger 
reservoir Is used to absorb the heat generated by the fixed displacement, oonstant 
flow hydraullo pump. 

Warm Gas Motor Pump System 

The warm gas motor pump system consists of an Integrated warm gas motor- 
hydraullc pump. The warm gas motor Is powered by u solid propellant warm gas 
generator. A simplified schematic of the system la shown In Figure 3-50. The 
Integrated system concept lends itself to a favorable packaging arrangement. 

A 100 hp unit has been developed by Vlckors for application with a Gatling 
gun drive. The unit has been produced and undergone considerable testing. Warm 
gas motors, as such, have been designed and tested since 1968 with many improve- 
ments since that date. High reliability Is obtained since the design Is simple and 
the rotating components operate at relatively low speed. 

The weight of the warm gas motor pump system is noted on Table 3-27 . 

The weight of the motor pump includes the warm gas motor, pump, hydraulic 
reservoir, fluid, valves, etc, as an integrated package. The system was sized 
using 87 hp and 150 sec duration as with the other HPU's. 

Hydraulic Power Unit 

The baseline hydraulic power unit (HPU) is composed of four haste modules: 
the gas turbine module, the gearbox, the turbine controller, hydraziue monofUel 
tank and supporting hydraulic components (see Figure 3-43). The entire unit is 
located in the 156 in. solid rocket motor stub skirt, allowing ready accessibility 
to all components from the aft end of the vehicle. Access doors may be required 
in the stub skirt for either maintenance or ground checkout of the HPU. The 
total baseline system weight breakdown for the entire actuation system is shown 
on Table 3-29. 


In reviewing major sources for HPU’s applicable to the SRM system needs, 
it was found that several are available. The first, shown In Figure 3-51, was 
developed by Sundstrand Aviation for the Concorde SST Aircraft as an emergency 
hydraulic power unit and has a shaft horsepower rating of 95 hp. The other source 
is the system that AiResearch Manufacturing Company developed for the fcartan 
missile application as shown In Figure 3-52. It has a rating of 90 hydraulic hp. 
Either of these units could be easily adapted to the 156 In. Space Shuttle needs. 
Thlokol has selected the Sundstrand (monofUel) unit over the AiResearch (solid ps 
generator) unit because of its current production status, qualification status and 
its reuse and restart capabilities. 
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Figure 3-50. Schematic of Warm Gas Motor Pump 






TABLE 3-20 


TVC ACTUATION SYSTEM WEIGHT ESTIMATE 


HPU (Concorde unit) 

Tank (wet) - monofuol 8 min 
HPU controller 
HPU battery 

Hydraulic reservoir (400 cu In.) 

Hydraulic accumulator (200 cu In.) 

High pressure filter (40 gpm) 

Low pressure filter (40 gpm) 

High pressure, quick disconnect (1 In.) 

Low pressure, quick disconnect (1-1/4 In.) 
TVC controller 
TVC battery 
Arm/dlsarm (2) 

Tandem actuators (2) 

Support for HPU (1 set) 

Support for reservoir (1 Bet) 

Support for accumulator (1 set) 

Hydraulic tubing (w/fluid) 

Hydraulic fluid 
Miscellaneous supports 
Electrical cabling (1 set) 

Hydraulic pump (2) 

Total 

Total Weight 


System 1 

72 lb 
123 

3 
0 

IS 

18 

6 

6 

2 

2 

20 

6 

4 

312 

25 

8 

5 
137 

20 

150 

660 

30 

1, 634 lb 
1,989 lb 


♦Common to both systems. 


S ystem 2 

72 lb 
123 

5 
0 

IS 

18 

6 
6 
2 
2 

20 

6 

4 

* 

25 

8 

6 

* 

* 

* 

♦ 

30 

355 lb 
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Sizing of the prime mover during system design showed that a minimum 
hydraulic power output capability of 60. 6 hp was required. The 95 shaft hp 
Sundstrand unit selected for this ays' ;m, when converted through known efficiency 
factors for hydraulic systems, gives a hydraulic power output of 87 ^P, thus pro- 
viding a comfortable margin over system requirements. This also allows for 
system versatility and potential growth if needed. 


Two alternate HPU systems which offer simplicity over the baseline HPU 
at the expense of development, cost, and weight have been investigated and are 
briefly presented here for consideration. 


Alternate 1 is a modification of the monofuel (Concorde) HPU. By removing 
most of the turbine speed control equipment and by operating turbine against a 
constant load (fixed displacement pump), major complexity can be eliminate. 
However, the HPU will become heavier and be limited in operational ^ation. This 
approach will require additional hydraulic oil volume in the system to absorb 
heat generated during the low vectoring periods. The initial sizing for ^ differential 
weight indicated that it will increase by 80 lb per HPU. Figure 3-53 reflects this 
general configuration. 


The major disadvantages to this approach are additional weight, HPU 
temperature limitation, shorter checkout duration, larger fluid components, and 
a modest development requirement. The significant advantages are lower com- 
plexity and reduced costs. 


Alternate 2 consists of identical equipment as Alternate 1 except the prime 
mover fuel is a solid propellant. Being a constant load turbine driven system the 
weight will increase by 80 lb for the necessary heat absorption during low vectoring 

periods. 


This approach is the simplest turbine driven HPU available. Currently, 
the Nike-Zeus, Poseidon, and Spartan missiles use this type of prime mover. The 
major disadvantages are additional weight, single start capability, limited checkout, 
larger fluid components and a modest development effort. The significant advantages 
aref maximum simplicity, lower costs and good historical data. This system is sho 
in Figure 3-54. 


The baseline HPU serves as the source of hydraulic power for operation of 
the 156 in. solid rocket motor thrust vector control nozzle. The power derived 
from hot gas driving a turbine wheel is transmitted through an Integra S«ur * ° 
the hydraulic pump. Actuation of the gas turbine motor may be automatically in- 
duced by launch control sequence circuitry or it may be actuated by a manual signal 
from the launch console. The present unit will provide 8 minutes of full power 
output. The dual squib arrangement provides a second start capability. P 
vent firing of the gas turbine motor while the vehicle is still on the launch pad, 
arm/disarm switch has been provided for arming the system from the launch control 

sequence. 
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Figure 3-53. Schema! i 
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Figure 3-54. Schematic of Alternate No. 2, Nozzle 
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Figure 3-54. Schematic of Alternate No. 2, Nozzle Actuation System 
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The vehicle attitude control systems operation is initiated by dosing the 
circuits to the arm/disarm switches, thus isolating the eight squibs in each system. 
After the switches are in the arm mode and the short removed from all squib leads, 
the system can operate. This is accomplished by an electrical f ^ ^ 
the solenoid valve (hydrazine) and ignites one of the solid propellant start initiator 
grains. At the samo time the start initiator grain is Ignited, the controller also 
effects the release of gas from the nitrogen cylinder by a squib valve. Action of 
the squib valve bursts the disc on the pressurant inlet port, initiating fuel expulsion 
to the fuel pump. Gas from the solid propellant starter grain passes through the 
turbine nozzle and causes rotation of the turbine and its gear train. The fuel pump, 
driven by the turbine shaft, develops foel pressure and foel begins flowing to the 
decomposition chamber as start grain pressure decays. 

Simultaneously, solid propellant gas pressurizes and transfers heat to the 
decomposition chamber. As the grain approaches bum completion, the pressure 
in the decomposition chamber begins to drop. When the chamber pressure drops 
and turbine speed thereby decays, foel is sprayed into the preheated chamber. 

Fuel decomposition begins when heat absorbed by the chamber is transferred to 

the atomized fuel. 

Predetermined cartridge energy and bum rate enables the foel pump to 
prime the foel system and generate a pressure head sufficient to initiate fuel flow 
into the decomposition chamber. As the foel reaches the decomposition chamber, 
the hot decomposition gas is directed through converging-diverging supersonic 
nozzles to the turbine blades. TUrbine acceleration brings the unit to foil speed 
within 1. 0 sec from the receipt of the start command. 

The electronic controller, operating in conjunction with the speed sensing 
magnetic pickup and foel solenoid valves, provides overspeed control for the unit. 

FUel decomposition by the heat transfer characteristics of the multipath 
thermal regenerative bed sustains HPU operation. Gas generation will continue 
until terminated by closure of the solenoid operated foel valve or by foel exhaustio . 

Shutdown can be accomplished at any time by closure of the foel solenoid 
valve. Upon shutdown of the HPU, the residual hydrazine foel in the filter, diverter 
valve, and associated lines is automatically purged through the decomposition 
chamber. The hot decomposition chamber decomposes the low pressure foel into 
gas which exits through the exhaust duct. 

Units that are considered "line replaceable" are the gas turbine module, 
controller, hydrazine foel tank and start initiators. 
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3. 4. 2. 2. 1.4 Electronic* 


To support the redundant TVC actuator concept, redundant control elec- 
tronics, hydraulic power and electrical power are required. Four Identical TVC 
electronic control boxes arc provided (two per solid rocket motor), each housing 
four servoampUfier channels. The pitoh-yaw No. 1 channels are located in con- 
trol unit 1 while the pitch-yaw No. 2 ohannels are located in control unit 2. 

Figure 3-55 shows a block diagram of control unit 1. 

Four identical silver cadmium batteries (two por solid rocket motor) pro- 
vide the necessary electrical power required by the HPU and TVC control units. 
Silver c admium batteries were selected due to their ability to provide many re- 
charge cycles and their relative high specific energy of 36 watt hours per pound. 
















9. 4. 2. 2. 2 Abort Syitem 

Throughout the entire design and manufacture of the complete shuttle vehicle, 
large amounts of time and effort will be spent In design, manufacturing proooss con - 
troli Inspection, and nondestructive testing to assure that a mission abort will not 
oocur. Howeveri the contingency exists and must be planned for. During the boost 
phase operation, malfunctions requiring mission abort oould oocur in either the orbit- 
er avionics, the orblter propulsion or in the SUM stage. Thiokol has made no attempt 
to define the possible malfunction modes in the orblter. A detailed study of the SRM 
stage reliability and possible failure modes was conducted and the results are contained 
in Section 7. 0 of this report. The study shows that the SRM stage is extremely relia- 
ble and that the probability of ocewwtnoA for failure modes which do exist can be sig 
nificantly reduoed by identifying the failure mode and proper design. 

A plan which provides an abort sequence from time zero to SRM staging Is 
shown on Table 2-2 . The abort plan requires only two special capabilities on the 
SRM stage: 


1. The ability to hold down on pad for full SRM burntime 
without thrust termination (TT) of SRM should mal- 
function occur prior to liftoff. 

2. The ability to thrust terminate the SRM at any time 
during flight. 

A malfunction detection system (MDS) to provide data on abnormaltles in SRM opera- 
tion is included in the stage avionics. 

The stage aft structure is designed to withstand full SRM and orblter thrust 
as discussed in 3. 4. 2. 3. This provides a preliftoff checkout capability and allows 
abort capability in the unlikely event that an SRM should not ignite, if a TVC system 
does not operate, if an orblter problem occurs prior to liftoff. 

The MDS and TT systems are discussed below. 

3. 4. 2. 2. 2. 1 SRM Malfunction Detection System 

The MDS system on the SRM stage will have two capabilities, the ability to 
monitor and compare chamber pressure between the two motors on the stage and the 
ability to monitor the hydraulic pressure and position at the nozzle actuators. 

The detection and display of differences in chamber pressure between the two 
SRM's will lie accomplish*^ by solid state electronic circuits. The pressure dif- 
ference between the chambers of the two SRM's will be continuously displaced in the 
orblter. If the difference becomes excessive, an indicator will identify the SRM at 
fault. 
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The design to aooompliah this will use redundant pressure measurements from 
each SUM. Three pressure transducers on the headend of eaoh SRM will measure 
the chamber pressure. Signals from these transducers are fed to a solid state elec- 
tronic comparator oirouit, where the signals from e two transducers on eaoh SRM 
that are nearest the same level are aeleoted to provide a chamber pressure signal 
to the orbiter. The chamber pressure signals from the two SRM's are fed to a dif- 
ferential comparator oirouit. which will deteot and indioate to the pilot the deviation 
of chamber pressures between SRM's. 

The response time of the MDS will be limited by the frequency response of the 
indicator, The order of magnitude wlllbe in the millisecond range response time. The 
MDS will also monitor and display the hydraulic pressure at the nozzle actuators and 
Indicate the nozzle position. 

The MDS system is an advisory system only. It will not initiate abort proced- 
ures, only indicate SRM status. This approach is taken because of the good possibility 
of continuing a mission with an abnormal motor pressure differential or even with a 
TVC failure on one motor. Also, with this approach, a failure in the MDS system 
could not create a false abort. 

Design and qualification specifications will require the MDS to perform its 
normal function after being subjected to transportation and handling, vibration, shock, 
and temperature environments. Also the MDS must operate within the specified accur- 
acy during the flight environment, acceleration, vibration, and temperature altitude. 


The ordnance distribution box will contain provisions to eleerically "enable" 
or "disable" the MDS circuitry by command signal received from the orbiter. 

3. 4. 2. 2. 2. 2 Thrust Termination System 

Thrust termination on the SRM stages can be accomplished at any time during 
motor burn by opening two ports in the headend of the motor. Opening the headend 
ports accomplishes two purposes: (1) it reduoesthe motor chamber pressure to a 
low level, thus reducing the thrust from the nozzle, and (2) it provides "nozzles" on 
the headend with a reverse thrust. 

The TT port design selected for use in the 156 in. SRM Space Shuttle booster 
is the ductile bubble design. This is shown in Figures 3-56 and 3-67. The design 
Incorporates a secondary, low radius of curvature dome which is bolted to the rein- 
forcement ring of the port hole in the primary motor dome. The thickness of the 
secondary dome will be approximately 0. 10 in. and it will be fabricated from a ma- 
terial which is capable of large plastic strains without frangible failure. This will 
allow the dome to open in a ductile manner when a cross pattern is cut by a shaped 
charge. The baseline pattern for the charge is a cross which will divide the dome 
into four equal sections but it would be a simple matter to redesign for a more dense 
cutting pattern should requirements dictate a need. 
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In the approach shown, a preaaure aeal will be accomplished by a atandard 
O-rlng aaaembly with the groove out into the flange of the port oover, 

An erosive-resistant insulation collar will be plaeed in the orifice of the port 
lent flow orlfloe. 

AnS&A device will be provided. Thle device will be armed before launch and 
will be ready to fire when requlredc 

The TT porta are opened by shaped chargee (Figure 3-58). The TT sy"tem 
ordnance funotion time from the receiving of the electrical Initiating pu 1 9e a 
S &A device until the shaped charge cuts the ports will be from 0.30 to 1.0 ms. - 

Negation of the rocket motor thrust takes place as soon as the ports are cut. 

The time requirement at the most severe condition will be 0. 5 sec. 

Thrust termination functioning time specification for the Stage m 

ity (Figure 3-58). 

Threat Termination Tradeoff Studlea - There are several major TT Port deelgn 

effort must be expended to optimize the final design. 

For the purpose of this discussion, three general systems are considered. 


1, The cut dome plate concept (Figures 3-59 and 3-60) • 

a. The ductile bubble dome concept (Figures 3-56 and 
3 w 6T)i 

3, The frangible burst disc concept (Figures 3-61 and 
3-6 S). 


In all three design concepts studied there are similar baseline design con 
straints. 
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Figure 3*58. Thrust Termination System 
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Figure 3-62. Flow Schematic of Frangible Glass Concept 
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1 . 


The dome adjacent to the port opening was reinforced 
with a builtup metal collar which In addition to rein- 
forolng the hole cutout, provides a bolt ring onto which the 
the TT stacks can be bolted. 

2. The TT stacks wore assumed to protude througn the Inter- 
stage structure but are not rigidly attached to It. Any 
movement of the TT stacks due to dome rotation would 
be accommodated by clearanoe between the stack and 
the Interstage structure. 


A brief design description of each concept follows. 

Cut Dome Concept (Figure 3-59) - This design concept Is similar to the one 
presently employed in the TITAN IIIC motor program. The dome reinforcement 
and coverplate are integral and placed in the dome by three dimensional machining 
or welding (where possible). The TT stacks are bolted to the reinforcement. A 
shaped charge is placed around the outside circumference of the dome plate. The 
port Is activated (Figure 3-60) by firing the shaped charge through the insulation and 
the metal dome. The cut plate is ejected through the TT stack and the port flows gas. 
The hot gas is in direct contact with the cut metal edge because of the nature of the 
charge cut. This design concept is probably not capable of surviving a full term low 
pressure firing without a great deal of meltback in the metal. 

Ductile Bubble Concept (Figure 3-56) - This design is really an extention of 
the cut dome plate concept. The reinforcement ring and bubble dome are machined 
integrally and welded into the dome. Because of its small radius of curvature, the 
bubble dome can be much thinner than the plate in the cut dome plate concept. A 
hard type (erosion resistant) insulation ring can be installed around the reinforce- 
ment ring, providing the capability to endure, thus insuring relatively long-term 
operation times. 

The system is activated by firing a cross pattern shaped charge which cuts 
the bubble into quadrants. The material selected for the bubble application must be 
capable of being bent back against the stack wall without frangible fracture. Many 
materials are capable of this requirement, including the HY-140 steels. After cut- 
ting the dome, the port is allowed to flow without any direct contact between the gas 
flow and the reinforcement ring. 


Frangible Burst Disc Concept (Figure 3-61) - in this concept the dome is 
again reinforced with a metal ring, but a hole is left in the center of the reinforce- 
ment ring. A glass pressure barrier is placed in the port during motor operation. 

The barrier is a dish-shaped design which utilizes polycrystalline glass as a struc- 
tural and frangible material. By applying unique processing methods, the part is 
prestressed during manufacture. The prestress consists of high compressive stresses 
at both outer surfaces, and tension stresses at midthickness. These residual stresses 
are beneficial in utilizrtion of the frangible pressure barrier concept and are 
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responsible for excellent mechanical properties. A 30, 000 psl modulus of rupture 
tensile strength Is a reasonable design value. Any externally applied load must over- 
come the residual compressive stress to produce high enough tension at the surface 
to cause rupture. Further, by Introducing a discontinuity In the prestressed outer 
surfaoe the part will experlenoci complete disintegration. Fracture proceeds through- 
out the part at approximately the speed of sound In the medium. 

At the loaded edge, the glass disc is completely encased in a rubber boot to 
provide a soft support foundation to help insure an evenly distributed support load. 

The system is activated by firing a conical shaped charge into the center of 
the burst disc, which disintegrates the disc into extremely small particles of glass 
which are ejected through the port. 

Table 3-30 is a summary list of the advantages and disadvantages of each con- 
cept. The ductile bubble dome concept was selected for the baseline design primarily 
because It does not release debris that might impact the orbiter and cause damage. 
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TABLE 3-30 


Concept 
Cut dome plate 


Frangible glass disc 


Ductile bubble 


COMPARISON OF VARIOUS TT CONCEPTS 


Advantwe. 

1. No pressure seal required 

2* General concept has been demon- 
strated on Titan program 

3 . Tested during normal hydrotest 

1. Almost no energy release to case 

2. Minimum energy required to 
fracture 


1. Applicable to all designs 

2. No hard debris to consider 

3 . Metal dome can be protected during 
operation giving good chance of 
reusability without rework when TT 
porting la required 

4. Light cutting charge required 

6* Small energy release In case upon 
firing 

C. Tested during normal hydrotest 


DUftdvftrt.w 

1. Large energy release in case 

2. Largo cutting charge required 

3. Metal disc projectile 

4. Metal reinforcement is exposed to flow 
since insulation is out on same line as 
metal* Usability questionable if port- 
ing la required 

1. Development effort required 

2. Pressure seal required 

3* Solid glass debris 

4. Separate proof test required for glass 
plate 

5. Metal reinforcement Is exposed to flow. 
Usability without rework not possible. 
Rework capability not probable 

6. Possibility of damage prior to firing 

1. New concept, Not yet proven 

2. Only feasible with relatively ductile 
materials such as KY-140. 

* 3. Pressure seal required 

4. Not tested during normal hydrotest 


3 . 4. 2 . 2 , 2 , 3 Thrust Termination Ordnance Design 

Explosive Transfer System and Cutting Charge - There are two TT stacks 
on each SUM, When thrust termination is required, it will be a function of the TT 
ordnance system to cut the ductile dome which is bolted to the reinforcement ring 
inside the TT stacks. This cutting can be conveniently accomplished by the use of 
crossed linear shaped charges, A 100 gr/ft aluminum sheathed RDX linear shaped 
charge will cut through the dome, but will not completely penetrate the internal 
insulation. Each TT port will have a single crossed linear shaped charge to cut 
the port hole into four quadrants (Figure 3-58 ). Each crossed shaped charge will 
be initiated in three places. 

The porting shaped charges will be mounted in a shock absorbing plastic 
material supported by a metal shell which will be rigidly attached to the port domes. 
The charge support structure will hold the shaped charge at the required standoff 
and orientation to the port dome. See Figure 3-63 . 

The TT transfer system will function as follows: There will be a S & A device 
mounted on the forward dome of each motor. A fire current applied to the device in 
the armed condition will initiate two detonators which in turn will initiate two 2.5 gr/ft 
RDX confined explosive leads. These leads are connected to a manifold which is also 
mounted on the head end of the motor. The manifold will contain a 10 gr/ft RDX 
explosive train formed in a loop so that it can be initiated at both ends by the redun- 
dant leads from the S & A device. From the manifold, three 2.5 gr/ft confined 
explosive leads will originate at each side of the manifold. Two of the leads will 
initiate the explosive shaped charge in the stack on each end of the cross. 

Safety and Arming Device - The S & A device used for the TT system is the 
same device used for the motor ignition system except it is modified to initiate an 
explosive train. This modification requires the replacement of the squibs with 
1 amp, 1 w rated detonators of the same physical dimensions. This detonator has 
been qualified on the Titan IIIC TT device. Figure 3-64 shows the S & A device- 
to-manifold interface. 

The S & A devices are essentially identical to those used on the Titan IIIC in 
form, fit, and function, and are recommended because of cost savings and increased 
reliability. 

Explosive Lines - The explosive lines will be of confined mild detonating fuse. 
Detonating fuse core loadings of 2,5 gr/ft of RDX have been demonstrated reliable 
in many systems. The confined core consists of a core of explosive with a lead 
sheath. A solid plastic sheath is extruded over the lead and then five to seven layers 
of nylon are braided over the plastic sheath. Each end of the explosive lead termi- 
nates in an end primer and attachment fitting. 
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Figure 3-63, 




End Primer - The end primer end attachment fitting consists of a steel 
boostor cup with a pressed explosive charge, The next stop In the explosive 
train is a conical charge pressed into a metal housing. This charge makes the 
diameter transition between the charge In the cup and tho small diameter charge in 
the detonating cord which provides reliablo detonation in oither direction, lho cup 
covers both main charge and conical charge and fits over a steel housing to which 
the cup is welded for a strong, moisture-proof seal, The housing slips over tho 
cover on the detonating cord. Tho internal surface of tho housing is threaded to 
provide good mechanical contact to the cord cover, Tho housing is bonded and 
mechanically swaged onto the detonating cord, providing an extremely tight grip on 
tho detonating cord eovor. This dosign provides a reliable end primer capable of 
serving as cither a donor or a receptor with a minimum of parts and excellent seal 
and mechanical strength. 

Manifold Design - Tho manifold proposed for this explosive system (Figure iJ-GC) 
will contain a single continuous loop of 10 gr/ft MDF explosive lead which will be 
initiated on both ends by redundant leads coming from the S & A device. Outgoing 
explosive leads from the manifold have end primer receptor charges which butt up 
against the looped lead charge in the manifold. 

Shaped Charges - Aluminum sheathed RDX shaped charges are the baseline 
selection for the TT system. A charge loading of 100 gr/ft of RDX is specified. This 
is the charge weight that will penetrate the dome but not; the internal insulator. 

Figures 3-C6 and 3-67 show tho optimum standoff and penetration as a function of 
charge loading for an aluminum sheath RDX linear shaped charge. Final selection of 
charge loading cannot be made until penetration tests have been conducted on pressur- 
ized bottles made of the same material as the motor dome. 

There will be attachment bracketry permanently attached to the dome for 
installation of the shaped charges. During final assembly of the TT system, the 
charge assembly can be placed on the port and bolted or clipped to the bracketry. 

The assembly is then completed by screwing the initiating leads into the fittings on 
the charge assembly and lockwiring them in place (Figure 3-58 ). The detonation 
and penetration sequence for the LSC are shown in the figure. 

Fabrication Techniques - The explosive components (ie, linear shaped charges, 
end primers, explosive leads, confined detonating cords, and manifold lead charges) 
will be procured from outside sources and assembled by Thiokol. 

The TT system will be designed so that all explosive leads, manifolds, and the 
S & A device may be installed at the Wasatch Division before shipment. The large 
cross porting charges will be packaged and shipped separately. 

Redundancy is achieved by having two distinct explosive trains initiated by 
redundant power supplies. The power supplies are arranged so that each fires one 
initiator on each S & A device (Figure 3-68 ). 
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STANDOFF (IN) 



. EXPLOSIVE CORELOAD (GR/FT) 

36175-2 

Figure 3-66. Standoff for Optimum Performance (RDX or PETN Explosive) 
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Figure 3-67. Minimum Cutting Performance at Optimum Standoff 
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Figure 3-68. Initiation System Ordnance Redundancy for Ignition, 
Thrust Termination and Destruct 
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The explosive train ia completely redundant, The lack of redundancy In the 
ahaped charge la oompenaatod for by triple initiation (Figure 3-69 ). Detonation 
proceeda in both dlreotlona along the linear ahaped charge from the point of initiation. 
Therefore, one auoceaaful initiation on eaoh ayatem will aerve to open the TT port. 

3.4.2. 2.2.4 Thruat Termination Plume 

A charaoteriatio of the headend porting technique of thruat termination la tho 
o-ihauot plume at the headend of the motor after the portB are cut. The oharacteriatica 
of this exhauat plume were predicted uaing the aame technlquea aa uaed for the analyals 
of the main nozzle plume at altitude (MOC program). The reaulta of theae predlctiona 
are ahown in Figurea 3-70 and 3-71, Figure 3-71 ahowa the maximum exhauat 
plume that could be produced by exhausting all of tho gaaea through one TT port with 
an average chamber preaaureof about 850 pBla. UBing two porta, theae conditions 
would be reduced to the plume shown in Figure 3-70 within about 0,5 sec. This 
occurs because the additional port area reduces motor chamber pressure to about 
100 psia. The TT exhaust plume opposes the missile velocity causing a smaller 
plume than that exiting from the motor's nozzle. 
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Thrust Termination Port Exhaust Plume at 100,000 Foot 
Altitude Using One Exhaust Port at T - Zero 







3. 4.2. 2.2. 6 Destruct System 

Range safety procedures may require a destruct system on each SRM and 
if so designated such a system can be adapted to the Space Shuttle motors. A 
description of the destruct system design is presented herein. 

The destruct system on each SRM will be initiated by the detonators in an 
explosive train S & A device. This device will be identical to the thrust termina- 
tion S & A device except that the firing connectors will be keyed differently to 
avoid accidental switching of firing lines during final assembly. 

There will be two parallel. 250 gr/ft RDX aluminum sheathed linear shaped 
charges in the SRM raceway. The charges will be located on the cylindrical 
section of each segment. 

The shaped charges will be connected to the S & A device ar:d to each 
other by explosive leads. These explosive leads will be identical in design to 
those developed for the thrust termination system. There will be an explosive 
crossover between the charges at each motor segment. Figure 3-72 is a 
schematic layout of the destruct system and Figure 3-73 shows details of the 
crossover detonation transfer lead and LSC connections. 


Mounting clips will be provided in the raceway for the shaped charges. 
The shaped charges will be shipped separately from the motor segments. The 
safety and arming devices and explosive leads will he installed before shipment. 
The shaped charges will be assembled to the motor at the launch site, as shown 

in Figure 3-74. 


The shaped charges will be designed to cut through the case and approxi- 
mately half-way through the internal case insulation so that an inadvertent firing 
of the destruct system on an unignited motor would not result in ignition of he 
motor propellant. This system wilt provide destruct capability at low as well 
as high motor pressures. Destruct system design parameters are presented 

below. 


^Parameters Requirement 

Redundancy requirements Two complete systems side 

by side, with redundancy 
between, either of which 
is capable of SRM destruct. 

Destruct time after 0. 006 sec (max) 

signal is received at 
S & A device 


I 
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- s & A DEVICE CONTAINS 
TWO DETONATORS 


rWi 


. TRANSFER LEAD 
DETONATING FUZE 


'-LtJ 


MANIFOLD PROVIDES FOR 
FUZE CONNECTIONS 


• LINEAR SHAPED CHARGE 
(LSC) FOR DISTANCE SHOW, 
EACH SEGMENT 


CROSSOVER- FUZE 
TRANSFER LEAD 


• SEGMENT JOINT 


CONNECTION: LINEAR 
SHAPED CHARGE TO 
DETONATING FUZE 
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Figure 3-72. Deatruct System, Redundant Impulse Transfer 
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Parameters 


Depth of cut 

Charge standoff 

Charge sheath material 

Charge explosive material 

Approximate length of 
charge (each side by side 
charge) 

Number of crossovers 


Requirement 

Through case and approxi- 
mately half-way through 
internal case insulation. 

0,44 in, 

Aluminum 

RDX 

85 ft 

One at each segment joint. 


The ignition delay of the detonator is 200 to 300 microseconds. The linear 
shaped charges and explosive leads have a total length of about 1,020 in. At a 
detonation velocity of 6,500 meters/second (RDX), the time to detonate the com- 
plete charge from the S & A device to aft segment is less than six milliseconds. 

The charges will penetrate through the case cylindrical sections in two 
parallel cuts. 

The explosive components will be procured from an explosive component 
manufacturer and assembled at Thiokol. 


The destruct system (except the shaped charges) will be assembled to the 
segments at the Wasatch Division. Final assembly of the charges into the race- 
wav will take place at the launch site. The destruct system brackets, S & A 
device, LSC, and crossovers can be installed at the launch site with ease on the 


reclaimed motor cases if required. 
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3, 4. 2. 2, 3 Electrical and Electronic Systems 

Power for the TVC system will be supplied from the ground eleotrloal 
ayatema before launch and from the onboard battery system after launch. Remote 
awitohing capability between the ground and airborne power will be provided with 
control from the ground. 

Other eieotronlo and oleotrlcal subsystems required will be: 

1, TVC distribution box 

2, HPU oontrol system 

3, TVC power 

4, Staging rocket Ignition 

5, Thrust termination and destruct 

The same reliability requirements applicable to the baseline electronics 
and electrical subsystems also apply to the optional subsystems. 

The nozzle actuation and staging rockets are discussed In a separate section. 
This section describes the destruct system and thrust termination. 

During countdown and until the ordnance is armed, the simulator resistors 
and igniter S & A devices are monitored for unsafe voltage levels. The stray 
voltage detectors indicate excessive voltage by an electrically open condition 
on their output leads. Stray voltage detection (SVD) monitor circuits will be 
designed to detect current levels 'n excess of 500 milliamperes (ma) in the 
primer circuits. Detection is denoted by the removal of power from the ground 
checkout devices monitoring the state of the SVD circuit. 

Separate voltage regulators are used for the enable/di sable circuit and 
the igniter stray voltage detector. The latter circuit will be supplied with ground 
power during checkout and is Inoperative during flight. The power supply voltage 
to the SRM enable/disable circuit is supplied by the ordnance battery. 

The instrumented parameters directly associated with the box will be pro- 
vided with circuit protection resistors within the unit, and final Blgnal conditioning 
will be accomplished in the Flight Instrumentation Enclosure. These parameters 
are the "enable” indication, the "disable" indication, and the ignition currents (2). 

The destruct system destructs the SRM case upon receipt of command from the 
thfApace Shuttle Orblter. These functions are accomplished by rupturing the motor 
case through detonation of linear shaped charges mounted on the SRM. 


i 


i 

1 
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Safe and arming functions are accomplished by a mechanical S & A device 
with Integral simulator resistors which allow continuous circuit monitoring for 
stray voltage, 

Orbiter command signals for Ignition command, destruct, malfunction de- 
tection enable and disable, and staging motor Ignition are received and distributed 
by the ordnance distribution box. Power for the malfunction detection system (MD8) 

Is supplied by the airborne ordnanco battery, 

Destruct subsystem design requirements will bo satisfied by using qualified 
components, Destruct subsystem components which satisfy the requirements of 
the Space Shuttle are: 

1, S & A device 

2, Destruct charges 

3, Transfer charges 

4, Destruct raceway 

5, Ordnance battery 

6, Ordnance distribution box 

The capability must be provided to arm the thrust termination or destruct 
explosive paokages either by mechanical or electrical techniques and determination 
of the arm or disarm status must be possible by simple external inspection. Arming 
by solenoid or other electrical means will be accomplished prior to missile first 
motion. This incorporates a capability to permit electrical disarming from a 
remote location and a means of mechanically disarming at the missile, A system 
incorporating both arm and disarm capability also will provide a means of remotely 
indicating the arm or disarm status, 

The SRM segment of the command destruct system will Interface electrically 
with the Space Shuttle through the forward staging connectors. The command 
destruct electrical signal from the Orbiter will be routed through the ordnance 
distribution box to the destruct S & A which will detonate the destruct charges. 

In accordance with design requirements! an electrical system for inflight 
disarming of the thrust termination and destruct systems will be provided. To 
provide the disarming function, an additional circuit will be designed and incorpo- 
rated in the ordnance distribution box. The circuit will utilize the disable command 
signal to transfer ordnance battery power to the thrust termination and destruct 
units safe circuitry. 


3-187 


Thy ordnance distribution box provides the switching circuitry for firing the 
staging motors. Both the staging command and staging power are derived from the 
Space Shuttle vehicle, 

In addition to performing the sensing and logic functions to provine mal- 
function detection, the ordnance distribution box performs a gen- ral distribution 
and control function on all ordnance power and command signals hetweon the SUM 
and the Space Shuttle vehicle. Particular functions Include monitoring the fire 
command circuits for hazardous currents during prelauneh conditions, distributing 
vehicle monitor power and Space Shuttle signals, and supplying flight Instrumentation 
input signals. Both the firing and monitoring circuits are redundant. Solid-state 
active and switching elements arc used throughout with the exception of relays 
which drive status-indicating lights for ground prelauneh monitoring. 

The enclosure, which is the major design item, is a one pieoo aluminum 
casting. The enclosure provides a rigid assembly for the printed circuit boards 
and bCIl's. Hie overall unit Is approximately 13.9 by 17,0 by 8,5 in. and It weighs 
less than 50 lb. Discrete components will be mounted directly to the printed circuit 
boards In a planar arrangement. No connectors will be used in the circuit board 
assemblies. The harness breakout wires are terminated in crimp-pin connectors 
which are soldered directly to Ihe circuit boards for improved reliability. The 
SCB's and power resistors will be mounted on the floor or walls of the enclosure, 


3. 4. 2. 3 Stage Components 


The design of the structure required to mate the solid motors to the Space 
Shuttle vehicle and to support the assembled vehicle on the launch pad Is presented 
In this section. Also Included Is a discussion of staging dynamics and load trans- 
mission to the Space Shuttle vehicle during separation of the SRM Stage. Electrical 
and electronic equipment requirements and interfaces have been dlsoussed previously 
and therefore are not repeated in this section. 


3.4. 2.3. 1 Introduction 

The SRM staging structure was evaluated as a subsystem Including (1) attach- 
ment structure, (2) nose cone, and (3) aft skirt. There Is an interaction between 
component designs dependent upon the definition or selection of primary attachment 
locations and configurations. 

Location of the primary attach structure in the aft end provides the advantages 
of deleting the need for a structural nose cone and reduced case launch and flight 
loadings. The aft skirt must withstand the predominant pad holddown loads and, 
consequently, is structurally capable of transmitting the thrust loads. However, 
discussions with prime contractors Indicated that the aft attach configuration placed 
severe penalties on the HO tank design. Since case loads for the forward attac 
configuration are not significantly greater than horizontal static firing loads and can 
be readily accommodated in the design of the case segment joints, the forward 
a t t ach configuration was selected for the baseline. In addition, the design was con- 
strained to implement the distribution of attach structure loads within the nose cone 
and aft skirt (as opposed to the pressure vessel). 

The loads definition for this study has, unfortunately, been rather general. 

It began with inhouse assumptions (from prior prime contractor data) as to vehicle 
configuration, acceleration, wind, and control requirements. Data later furnished 
by The Boeing Co were, In general, more severe than original assumptions and 
representative of load requirements later obtained through discussions with other 
vehicle contractors. The Boeing data (Tables 3-31. and 3-32) were input to the 
Thlokol NASTRAN model of the SRM Stage to establish component or element 
maximum structural loadings, response, and design requirements. 

The baseline SRM Stage structure subsystem designs provide for the details 
requisite to (1) thrust vector control, (2) thrust termination, (3) staging, (4) recovery 
and refurbishment, (6) malfunction detection, and (8) electrical and ordnance sub- 
system components. To compensate for the lack of some fine details and refine- 
ments, the structure has been conservatively sized to assure credible costing. 
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TABLE 3-31 


SRM STAGE TIEDOWN LOADS 
(2-156 In. SRM's) 

(The Boeing Company) 


Limit Loads 


A B C D 



Load Condition 

(KIPS) 

(KIPS) 

IKIPS1 

(KIPS) 

1 . 

l.Og Static 

-1220 

-1220 

-1220 

-1220 

2. 

Ground Wind Producing Positive 
Pitch (Relative to Orbiter) 

-871 

-1569 

-871 

-1509 

3. 

Ground Wind Producing Negative 
Pitch (Relative to Orbiter) 

-1569 

-871 

-1569 

-871 

4. 

Full Orbiter Thrust, Zero SRM Thrust 

-2842 

+1245 

-2842 

+124*: 

5. 

Full Orbiter Thrust, Full SRM Thrust 

-1673 

+2414 

-1673 

+2414 

6. 

Full Orbiter Thrust, Full Right SRM 
Thrust, Zero Left SRM Thrust 

-2645 

+1043 

-1476 

4-2217 

7. 

Full Orbiter Thrust, Full Left SRM 
Thrust, Zero Right SRM Thrust 

-1476 

+2217 

-2645 

+1048 




TABLE 3-32 


8RM STAGE ATTACHMENT LOADS 
(2-156 In. Parallel Burn SRM's) 


Limit Loads 

Forward Attach Aft Attach 

Fittings Fittings 



Load Condition 

*x 

(KIPS) 

*y 

(KIPS) 

c z 

(KIPS) 

(K&> 

(KIPS) 

1. 

Thrust Buildup 

-219 

-16 

-253 

+16 

-102 

2. 

Launch Release (-) 

-593 

-43 

-121 

+43 

-115 

3. 

Launch Release (4) 

-596 

-43 

-71 

+43 

-85 

4. 

3.0g Boost 

-1613 

-116 

-20 

+116 

-23 


Forward Fitting at Station 985 
Aft Fitting at Station 2235 
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3 . 4 . 2 . 3 . 2 Stage Structure 
3. 4. 2. 3. 2.1 Nose Cone 

The baseline design selected for the forward structure is a structural nose 
cone concept, a schematic view of which Is shown In Figure 3-75 . The main thrust 
load is reacted through struts into the main thrust clevis (Figure 3-76 ) which is 
bolted to a ring near the apex of the nose cone. The load is then transferred to longi- 
tudinal I-beam stringers back into a kick ring at the motor skirt interface. Two 
circumferential stiffening rings are joined to the longitudinal stringers to enhance 
the buckling capability. 

A thin skin is attached to the outside of the structure for aerodynamic purposes. 

The nose cone tip is a spun part attached to the main load ring. Several sway 
brackets (Figure 3-77 ) are attached to the kick ring. 

The forward thrust structure provides aerodynamic fairing for the front end 
of the SRM and transfers the thrust load from the SRM to the HO tank. The thrust 
transfer occurs in such a manner that no deleterious concentrated loads nor bending 
moments are induced into the SRM case. In addition to the main thrust loads, the 
forward sway and roll loads are taken by the structure. Compatibility with the for- 
ward thrust skirt of the motor is required. 

The two major forward thrust structure designs considered were: 

1. A single point thrust pickup on a structural skirt 
extension with an aerodynamic nose cone. 

2. A structural nose cone which doubles as an aero- 
dynamic fairing and transmits the SRM thrust to the 
HO tank by two main struts attached to brackets near 
the apex of the cone. 

Figures 3-78 and 3-75 are sketches of the two designs. Preliminary design 
studies for each concept indicate that typical weights would be 5, 500 and 4,000 lb 
for the two designs, the structural nose cone concept being the lighter. Following 
is a list of the advantages and disadvantages of each design. 

Structural Nose Cone 

Advantages 

1. Better distribution of axial load into SRM skirt. 

2. Lighter weight, due to dual usage of cone structure 
and shorter overall length. 
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Figure 3-77. Typical Sway Bar and Roll Bar Bracket 
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3, Less bending moment In motor case due to axial com- 
ponent of thrust being taken out near motor eenterline. 

4. Only one Interface with motor. 

3. More conventional - aircraft type structure; no tapered 
doubler plate. No large diameter torsional sections 
required. 

Disadvantages 

1. Two-point separation of main thrust struts. 

2. Thrust termination ports must protrude through more 
complicated structure. 

Single Point Thrust Pickup 
Advantages 


1, One separation point for main thrust connection. 

2. No forward roll or sway bars required. 

Disadvantages 

1. Induced large additional bending moment in case due 
to axial thrust component being taken far from motor 
centerline. 

2. Higher circumferential loading transmitted to SRM 
thrust skirt. 

3. Two interfaces, with component interchangeability, 
will be required - thrust skirt to motor and thrust 
skirt to nose cone. 

All major components used in the baseline forward nose cone and thrust 
adapter design are 6061-T6 aluminum. The alloy is readily obtained and can be 
formed and welded easily. Most fabrication shops have ample experience w th the 
material. It has adequate strength in the T6 condition to accommodate efficient 

design practices. 

There are, however, many aluminum alloys which afford essentially the 
same advantages as 6061 which could be easily substituted. 

All fasteners would be standard aircraft type. 
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The general type of construction (frame, skin stringer) Is quite standard In 
the aircraft Industry and represents no significant departure from current fabrication 
technology. 

The nose cone tip will be spun to shape from aluminum plate. The main load 
ring will be a machined forging or casting. 

The longitudinal stringers will be standard I-beam shapes, cut to length and 
welded forward and aft to the main load ring and the aft kick ring, respectively. Two 
standard "U" sections will be rolled into circumferential rings and welded to the 
stringer columns for stiffening. 

An aerodynamic skin will be riveted to the outside of the entire frame assembly. 
The skin will consist of rolled plate with a doubler plate at the skin (seams). 

The main thrust bracket and the sway bracket will be machined from 4130 
castings or forgings and heat treated to 180,000 psi minimum ultimate strength. 

They will be bolted to the appropriate rings. 

3. 4. 2. 3. 2. 2 Aft Support Skirt 

The baseline design of the aft support skirt is shown in Figure 3-79 . The 
entire assembly is bolted to the aft thrust skirt of the SRM motor at the upper box 
ring. This ring serves a dual function. It provides a double surface on which to mate 
the motor and aft structure and provides a stiff frame lor aft sway and roll bracket 
mounting. If TVC is required, the nozzle actuator will also be mounted on this frame. 

The entire compression and tensile axial skirt loads enter the structure at 
two places shown as the holddown and support points. The load carrying capability 
of these two points is provided by large doubler plates which begin as a very heavy 
section (approximately 12 in. wide) at the base and spread out at 30 deg (per side) 
as the thickness decreases. This is required to distribute the axial load. 

The compressive axial loading is taken in bearing at the end of the doubler 
plate, while ports are provided in the doubler for holddown hooks to grip the skirt 
and react the tensile (thrust) loading. 

An "L" frame is provided at the aft end of the skirt to maintain the circu- 
larity of the section during loading. 

A relatively thin aft fairing skin circumvents the doubler plates and "L" 
frame. This skin will provide both aerodynamic protection and transverse (shear) 
load carrying capability. 

The center ring is at approximately the midpoint of the aft structure. Shown 
as a T -section, this ring serves to further distribute the load from the doubler plates, 
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connect* the doubler plate* and aft akin to the upper skin, and provide* a stiff frame 
for additional away bar bracket* required for staging purposes. 

The upper skin Is much heavier than the aft fairing since It is a primary 
load carrying member. The support loads from the doubler plates are transmitted 
through this skin to the upper box ring and aft skirt of the SRM. 

The general nature of the design allows for a fairly conventional approach 
to fabrication. All meohanlcal Joints will be made with standard type aircraft 
fasteners. A minimum of welding Is required , although welding (spot, or seam) will 
be permitted In constructing the basic skin and frame sections, if required. 

The aft support skirt must support the entire weight of the orbiter, HO tank 
and SRM assembly in the prelaunch condition on the launch pad. In addition, It Is 
required to hold the assembly on the pad In the post-ignition condition. 

After the assembly of the complete shuttle unit, all of the weight of the entire 
assembly Including the orbiter, HO tank (loaded), and SRM's must be supported at 
two points on the aft skirt of each SRM (four points total). In addition, the assembly 
can be subjected to a ground wind In any direction. This overturning moment con- 
tributes additional loads to the load points in the worst condition in addition to the 
basic compressive load due to weight. 

The most severe design condition will occur upon ignition of the orbiter but 
prior to SRM ignition. At this time the support points must be capable of reacting: 
(1) the total assembly weight minus orbiter thrust; (2) the overturning moment of the 
orbiter thrust which acts offline with the support centerline; and (3) an overturning 
moment due to maximum launch wind loads. A preliminary estimate of these loadB 
was presented earlier In Table 3-31. 

Only one general kind of aft skirt assembly presently Is being considered. 
The requirements dictate that the load must enter at two support points. From 
these points, the load must be spread out through heavy members to an acceptable 
level before it enters the aft motor case thrust sktrt. The heavy structure that 
serves to spread the load can be fabricated from either tapered plate material as 
shown In Ftgure 3-79 or from tubular columns as ahown in Figure 3-80. 

All major components used In the baseline aft sktrt design are 6061-T6 
aluminum. 

All fasteners would be standard aircraft type, 

Except for the Bias of some of the components, the design of the aft support 
skirt Is conventional and lends itself to standard fabrication procedures. Typical 
fabrication techniques for each component are as follows. 
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The heavy, tapered doubler plates will be rolled to a cylindrical shape from 
plate material equal in thickness to the maximum required, The doubler shapes will 
then be cut from the plate, and the contour machined. (The procedure could be re- 
versed, and the oontour machined when the plate Is flat and then rolled or pressed 
to shape, either hot or cold,) 

The bottom "L" frame will be either a welded section or extruded. The same 
is true of the upper box ring or the center "T" frame. In largo production quantities, 

It would probably prove economically desirable to procure extrusion dies and extrude 
the sections. 

Both the uppor skin and aft skin fairing will bo rollod aluminum plate. One 
or moro longitudinal doubler strips are permissible if the sections aro segmented. 

All connections will be made with standard aircraft connectors (bolts, rivets 
and special application fasteners). 

Interchangeability will only bo required at the interface between the aft skirt 
and the case. The fit of subcomponents within the aft skirt can be built upon a fit 
at assembly basis and interchangeability wlil not be required. 

3 . 4 , 2 . 3 . 2 . 3 Stage Attach Structure 

Following the general SRM approach to design and analysis, the stage attach 
structure is relatively simple and straightforward. A structure of column elements has 
been selected, because it is analytically predictable, has design flexibility, and can be 
fabricated easily using available standards. The SRM Stage with the four fixed but 
adjustable attach points is presented in Figure 3-81. The primary axial loads are 
transmitted through the tensile elements of the forward frame structures. The aft 
attachment is not constrained in the axial direction. Details of the elements and 
components are found in Figures 3-82 and 3-83. 

The Illustrated design was analyzed for the loads presented in Tables 3-31 
and 3-32 using the NASTRAN S3291A computer code. The column or rod elements 
were so sized that limit stresses were 60 ksi or less. Thus, many relatively low 
cost, readily available steels are applicable. 

The columns or rods will be composed of solid end tubes fitted with rod or 
clevis endB and bail joints. The tubes will be rolled and welded in standard sizes, 
and high strength tube ends will be machined from bar stock. All but the main thrust 
element rod ends will be standard high strength parts. The main thrust rod and the 
clevis ends will be machined to requirements. 

The forward attachment fittings (Figure 3-84 ) will be machined from 
forgings and welded to the main thrust elements. They will include the flanges and 
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Figure Aft Attach Structure 






. , fitHnfra rpiffure 3-85 ) aleo will be mo chined from forgings. 

*££?■ VStm ,;.^ha W lU <or lutertoc. with the thru., and 
away elements • 

, f r t u e gnjuT stage attach structure are necessarily 
The design requirements for the SRM J associated structural and dimen- 

The requirement, peculated by Thleke! for the 

purposes of this study follow. 

1 The design will be conservative to assure that any 
adaptation to future specific requirements will not 
exceed the predicted costs. 

, The design safetv factor will be 1. 5 considering the 
lost severe eemhlnetien ef loading for the condition, 
of launch, flight, staging, and recovery. 

3 The attachment structure should be adjustable to 
compensate for stage assembly tolerances. 

4 The design should be compatible with reliable enplo- 
live release mechanisms snd rocket assisted staging. 

5. Localized leads must be trsnemltmd outside of 

the SRM and HO tank pressure vessels. Load distn 
buttons in the pressure vessels should be reasona y 

uniform. 

While formal trade slud.ee on .he stage a ttach hardware 

the many pooslble concepts or simple, analytically pre- 

approach led to the baseline se The selection is conceptually similar 

dlctable, column element frame structure. Tne eeiec 

to the Titan IIIC design. 

Following are dlseuselon. ef the more ..gnlflont elements, parameters, or 

variables considered. 

3. 4. 2. 3. 2. 3. 1 SRM to HO Tank Interface Locations 

mtach 3IME3 ££ 
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to the HO tank design, this forward attach point will penalize the SRM design. The 
forward attach point will require that the case transmit larger bending loads. How- 
ever, these loads only affect the segment Joint design— the design load would be 
increased by approximately 15 percent. 

3. 4. 2. 3. 2. 3. 2 Load Transfer 

Column, beam and shear elements and combinations thereof have been con- 
sidered. A single primary attachment at the tangent point of the SUM and HO tank 
diameters has been suggested by several vehicle contractors. While apparently 
simple and attractive, the structure (probably a shear web or truss) required to 
transfer the load would be relatively complex. This complexity results from the 
requirement to distribute the loads outside of the SRM case. 

The column element frame structure with the major load element (strut) in 
tension allows the Introduction of load high on the nose cone. The nose cone is de- 
signed to approach uniform distribution of tne load at the case Interface. The trans- 
verse reactions of the forward and aft stability struts are readily distributed through 
the attachment ring. 

Conceptually tho frame structure design is that of the Titan staging structure 
and has been selected as the baseline for this study. 

3. 4. 2. 3. 2. 3. 3 Release Mechanism and Staging Technique 

The SRM will bo released through an explosive mechanism. While many 
techniques are practical, a simple explosive bolt has been selected as the baseline. 

It would be compatible with a ball and socket type Joint aligned to transmit the 
primary load either in shear or compression. 

Mechanical aerodynamic staging appears feasible; however, there is some 
concern as to the difference in release dynamics for the two motors for all vehicle 
attitudes and maneuvers. Rocket assisted staging should be faster and more con- 
sistent of all conditions. In the final anafysis, some short term mechanical control 
or guidance could be desirable. 

These considerations resulted in the baseline selection of a compressive ball 
joint to react the primary load at the forward attach points. The ball will be contained 
in the socket by an explosive bolt. This bolt will react the SRM burnout (prestaging) 
tension loads. The aft stabilizing structure attachment will be a glide or roller con- 
tained in a track on the HO tank Bkirt (no vertical constraint). 

Two staging techniques have been evaluated. The mechanical staging sequence 
will initiate with the signal to the explosive bolts. The SRM will slip aft, clearing 
the ball Joint prior to hitting the aft attach fitting stop Aerodynamic forces (and a 
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vaulting bar, If required) will foree the SUM to pivot about the aft mechanloal re- 
lease mechanism to the required releaoe attitude (30 do#, The rocket assisted 
staging sequence will begin with the simultaneous Initiation of the staging rockets 
and explosive bolts. The SRM will drop, clearing the ball Joint prior to clearing 
the aft track, The traok will be configured to assure the proper Initial conditions 
for the desired staged SRM trajectory. 

3, 4. 2. 3. 2. 3. 4 Assembly 

The struts of the selected frame structures are, in essence, large turnbuckles. 
This adjustment feature will allow for assembly tolerances and provide for SRM 
alignment and limiting strut preloads. 

The frame structures must be restrained to the SRM to prevent damage to 
the orblter, SRM, and stage structure during staging. Each of the two forward and 
two aft attach structures will be stable three element frames. The resulting analyti- 
cal redundancy will be evaluated for the worst combination of coupled and uncoupled 
elements. 
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3.4, 2. 3. 3 Staging 

Staging of the SHM'a In the parallel burn mode require* a smooth separation 
of the expended motors from the orblter vehicle, followed by a safe, collision-free 
trajectory. The relative and absolute motion of the SRM Stage and the aft end of the 
orblter vehicle must be considered during the staging sequenoe to assure that no 
contact occurs between orblter vehicle and the staged system. A rigorous and 
detailed analysis has not been possible, since, some items, such as the effeots of 
mutual aerodynamio interference, are beyond the scope of this study; however, 
withtn limitations, it has beon possible to identify the two methods that appear 
feasible, which are presented below. 

In the first method (Figures 3-80 and 3-87) the SRM forward attachment Is 
mechanically released from the orblter tank, which allows the SRM, hinged at the 
aft attachment, to pivot In the yaw plane to an angle of 28 deg. Anticipating small 
differences In rate of rotation, the SRM's would not bo expected to achieve the 
28 deg of rotation simultaneously; therefore, when one of thorn passes the 28 deg 
position, an explosive charge would be actuated at each aft attachment and both of 
the expended SRM's would be released from the orblter tank. There is redundancy 
in the aft release mechanism provided through a mechanical release of the aft attach- 
ment when the SRM's have reached a rotation angle of 30 deg. Simultaneous release 
of the SRM's will produce a smoother and cleaner staging operation, as smaller 
unbalanced forces will be transmitted to the orblter vehicle, resulting in requirement 
for less control correction in the yaw plane. This method is similar to the 
mechanical release system proposed by the McDonnell Douglas Astronautics 
Company. 

Time zero in the staging sequence occurs when the SRM thrust haB decayed 
to 75,000 lbf. At this time, the forward attachment Is released, allowing the SRM's 
to shift aft to a position where the aft end is hinged and the forward end is free. In 
the hinged position an initial force of 86,400 lbf acts forward and parallel to the 
orblter's centerline. This force imparts an acceleration of 0. 57 g's to the SRM 
relative to the orblter flight path. 

The acceleration of the orblter is sufficient to initiate an outward rotation 
of the SRM. As the SRM rotates, aerodynamic forces will contribute to the outward 
angular acceleration until the SRM reaohes its point of release. After final release, 
each SRM assumes its individual trajectory away from the orblter vehicle. 

From initial release and during the rotational sequence, the SRM residual 
thrust continues to decay until at the time of final release it haB reached approxi- 
mately 10, 000 lbf. The forward differential acceleration at the aft attachment 
increases in response to the SRM thrust decay, aerodynamic forces and realign- 
ment of the thrust vector as the SRM rotates outboard. The maximum reactions 
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calculated for the connection during the triaging sequence are 118,000 Ibf forward 
and 14,000 Ibf laterally at 11 deg rotation angle. 

In the staging sequence where release at the aft attachment is effected In the 
redundant mode (mechanical release at $ = 30 deg), there will be an instantaneous 
change in the connector reaotion force equal to 108, 000 Ibf. As the release is 
mechanical* It is not probable that the two SUM'S will release at the Identical time 
Instant; therefore, the force Imbalance Imposed on the orbitor vehicle would cause 
its rotation toward the first released SRM. Tho release of the second SRM would 
remove tho force Imbalance, but the motion Induced on the orbitor would represent 
a yaw error and might require oorroetlon by the orbitor controls. 

Tho predicted forces and accelerations at initial und final stages of separa- 
tions are shown In Figure 3-8« . It Is shown by simulation that, In this case, 
successful staging will occur. This method of sopurutlon does not represent a 
hazard to the crew nor will It cause such damage to the SRM's that recovery and 
refurbishment would be impaired. The trajectories of the SRM's during the staging 
sequenoe are shown schematically In Figure 3-87. 

The alternate staging method employs a rack of solid propellant staging 
motors attaohed to the forward and aft ends of the SRM's and provides redundancy 
to the mechanical staging mechanism. In this staging concept, the SRM's may be 
released simultaneously without Inducing asymmetric disturbance In the orblter 
vehicle. 

This method provides for the SRM's to be translated laterally and downward 
from the orblter vehicle in a stable manner until they have cleared the collision 
envelope. At time zero of the staging sequence, the separation motors are ignited; 
the SRM is released at the head end and the aft end moves back along a guide rail. 
This restriction of lateral motion at the aft end Insures that the forward end will 
rotate outward into the airstream. The direction of travel of the aft end of the 
SRM is controlled by the guide rail to impart the desired orientation of the velocity 
vector which complements the velocity Imparted by the thrust forces from the 
staging motors. 

It Is considered Imperative that the individual motors of the forward raok 
have greater thrust than those of the aft rack so that rotation begins and the aero- 
dynamic forces on the SRM augment the other forces toward increased separation 
distance. To accomplish this, the forward rack of staging motors will have a high 
Initial thrust with a regressive thrust trace and the aft staging motors will have a 
low initial thrust with a progressive thrust trace. 

The Btaglng motor system should safely stage each SRM if one of the eight 
individual motors should fall to ignite. This requires that the Initial thrust of only 
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three forward motors be greater than the initial thrust ot all four aft motors to 
assure that the resultant force would cause the forward end of the SRM to rotate 
laterally and down. In case only three of the aft staging moton o^raf » 
the initial thrust must be sufficiently high to assure that the aft end of the SRM 
translates laterally and down to clear the orbiter HO tank and the orbiter wing. 

The staging motors will be designed with identical hardware except that the 
fore and aft attachment fixtures will not be interchangeable. Manufacturing tooling 
will be designed to prevent Interchanging propellant grains between the forward and 

aft motors. 

The size of the staging motors was based upon staging dynamics at 160,000 it 
using a simulation which neglected aerodynamic interactions between the SRM and 
the orbiter. The assumed altitude is the highest shown in data obtained from ^e 
vehicle contractors. It represents the lowest aerodynamic forces and thu sdem 
strates the case for which physical separation will require toe longest period of time. 
The study of effects resulting from orbiter maneuvering at the time of release is 
beyond the scope of present study effort; these effects must be studied in deta 
adeq uately characterize the separation motors. 

A sketch of the staging motors is shown on Figure 3-88. Expected thrust- 
time history is shown in Figure 3-89 . 

The separation sequence is shown schematically for the normal and the 
two failure modes (where either a headend or attend motor failed to operate) in 

Figure 3-90 . 

The selection of the staging mechanism is based upon cost, redundancy, 
reliability, eai*e of staging, and crow safety. The mechanical system is the 
simplest to design and the least expensive, requiring only the successful release 

of the headend connection. 

The alternate method results in increased system weight by addition of the 
separation motors. The system will provide a smooth separation and has comparable, 
orgreater, reliability and increased crew safety relative to the mechanical release 

system. 

The simplicity and relative reliability of the purely mechanical system makes 
it the system selected for the parallel burn baseline design. 
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THRUST (LBF) 








3. 4. 2. 4 Mass Properties 

Wei gh t, center of gravity, and moment of inertia data are presented in 
detail in Appendix B, "Mase Propertlee Report." Table 3-30 eummarlaes weight 
data for the SRM Stage with all options included. 

3. 4. 2. 5 SRM Stage and SRM Contract End Item (Cl) Specifications 

Preliminary contract end item (Cl) specifications have been prepared for 
the baseline SRM Stage and SRM and are contained in Appendix C. 

3. 4. 2. 6 Drawings, Bill of Materials, and Preliminary ICD's 

A preliminary design package has been prepared, consisting of drawings, 
bills of materials, and preliminary ICD’s. This information is presented in 
Appendix D. 
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TABLE 3-33 
SBM 156 INCH 

MASS PROPERTIES SUMMARY 


Case 

Insulation 

Liner 

Igniter 

Nozzle 

Raceway 

Thrust Vector Control 
Thrust Termination 
Propellant 
Motor Assembly 
Nose Cone 
Aft Skirt 

Stage Attach Provision 
Instrumentation 
Destruct System 
Staging Motors 
Recovery System 

Total 

Total Stage (2 Motors) 


Weight (lb) 


102.724 

11,906 

I, 278 
571 

11,862 

171 

2,154 

661 

1,214,327 

1,345,654 

9,269 

12,112 

5,177 

552 

211 

296 

II, 133 


1,384,404 


2,768,808 


1 

i 
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3.4.3 156 Inch SRM Stage Series Burn Configuration 

The 156 in. SRM Stage for the series burn configuration is very similar to 
the parallel stage. The main differences are: 

1. The stage is larger, It consists of three 156 in. 
motors with 1. 5 million lb of propellant in each. 

2. The physical arrangement is that the SRM's are 
clustered and mounted behind the HO tank. 


3. The stage hardware configuration is consistent 
with the tandem physical arrangement. 

4. The series burn requires TVC on the baseline 
motor. 


3.4.3. 1 Basic Motor 

The motor design for the 156 in. series configuration is very similar to the 
motor for the 156 in. parallel configuration. The grain design is a center perforate 
with radial slots at the segment joints. The propellant is TP-H1011, identical to the 
propellant in the 156 in. parallel. The motor contains 1.5 million lb of propellant. 

As shown on Figure 3-91, the case is longer and consists of four cylindrical 
center segments instead of three. The insulation and liner are similar to the 
parallel motors. 

The performance of the series burn 156 in. SRM Stage is shown below. 
Discussions on the TVC system, the staging hardware, and a weight summary are 
presented later in this section. 
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Performance Summary 
150 Inch SUM, Series Burn Configuration 


PERFORMANCE; 


Thrust, avg, vac (Ibf) 

Burn time (sec) 

Operating pressure (peta) avg 

MEOP 

Specific Impulse, vac (sec) 
WEIGHT ; 

Propellant weight (lb) 

Total motor weight (lb) 

Motor mass fraction 
Total stage weight (lb) 

Stage mass fraction 

3.4. 3. 1. 1 Grain Design and Performance 


2,070,000 

135 

830 

1,000 

207.2 


1.500.000 

1.654.000 
0.906 

1.670.000 
0.894 


The grain design for the series motor Is the same as that of the baseline 
design of the 156 In. parallel booster system except for the forward segment. 
Here, a cylindrical port (CP) configuration Is substituted for the sl ° t “ 8 ^ ted 
tube configuration of the parallel system grain design. This results in fi a “ . . 

neutral performance. The cylindrical perforated port diameter Is 55.6 in. and 

web thickness is 49.6 inches. 


The 156 in. baseline motor design for the series system will j* 1 ™ 8 * 

the same degree of flexibility in burn time as does the baseline 156 ^• desi ^ for 
the parallel booster system. Within the framework of the design and propellant 
system the burn time can vary between 125 and 176 sec. Modifying the grain design 
ySLfi S weakness can reduce the burn time to 113 sec with a corresponding 

increase in grain length of 5.6 percent. 


These burn time flexibility limits (for no grain design modifications) and the 
limits for operation at the minimum obtainable chamber pressure, as we a 
operation at the nominal pressure, are listed below. 


3-224 


Burn Time Flexibility, ISfl In. Series System 


Motor designation 

Nominal burn time (see) 

Nominal avg chamber pressure (psia) 

Max burn time for operation at nominal 
ohamber pressure (see) 

Max burn time for operation at minimum 
ohamber pressure, imposed by motor 
design (seo) 

Min burn time available with no grain design 
modification (see) 

The flexibility In ballistic modification of this design is the same as that 
of the baseline 150 in. parallel design. The analysis of ballistic modification 
presented earlier in the discussion of the parallel design summarizes the capa- 
bilities of this design as well. 

The analysis described previously in the section of tailoff performance of 
the parallel system is relevant to this design. However, the magnitude of the 
thrust levels (between the parallel design and this one) are different and thus only 
the normalized thrust differential data, shown in Figure 3-11, are directly applicable 
to this design. The thrust differentials shown on the other figures in that section 
would need to be scaled up by the ratio of: thrust at web time, series design/ 
thrust at web time, parallel design. 

3.4. 3. 1. 2 Propellant 

The propellant used in this design is the same as that of the baseline parallel 
system, 156 in. motor. Propellant composition and properties were tabulated 
previously in the parallel motor design description. 

3.4.3. 1.3 Case 

The case for the 156 in. serleB burn SRM will be of the Bame general con- 
figuration as that used for the 153 in. parallel motor. Case construction will differ 
only in that the series baseline will have four center segments and the baseline design 
inclusion of a movable nozzle will cause minor differences in the aft dome opening. 
Case design safety factors and material parameters previously set forth apply to 
this design as well. 
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3 . 4. 3. 1.4 Insulation 

Th« insulation da sign approach, materials, and fabrication for the 156 In. 

& of th. b...lU» >M 1«. P«.U.l *■**>• 

3.4. 3. 1.5 Liner 

Ih. liner mat«l.l and application on the 1»6 In. aeries motor la identical to 
that of the 156 In. parallel baseline system. 
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3,4. 3. 1.6 TVC System 
3.4. 3. 1.6.1 TVC Nozzle 

The nozzle for the baseline series burn SRM Stage is a partially submerged, 
omniaxial movable, state-of-the-art design providing +5 deg thrust vector control 
capability. Its size, configuration, gimbaling mechanism and materials are typical 
of those of the 156-9 nozzle successfully demonstrated on a 156 in. diameter SRM 
static tested by Thiokol in 1967. 

The gimbaling mechanism is a forward pivoted flexible bearing consisting 
of alternate laminae of metallic and elastomeric shims integrally bonded to and 
between forward and aft end rings. The end rings in turn interface with the nozzle 
movable and fixed sections to form the complete assembly. 

The nozzle is tailored to the performance requirements of the SRM. It 
incorporates all possible features to assure a low cost, highly reliable assembly. 
Because of its proposed use in a manrated system, somewhat higher margins of 
safety have been applied to ablative materials, structures and proof test levels than 
are generally used in SRM nozzle design for missile systems. 

The divergent cone has a 17. 5 deg half angle and is 159 in. long from throat 
to exit plane. The required structural and ablative material thicknesses at the exit 
result in an OD of 152 in. , well within the motor diameter. When vectored 5 deg, 
the OD of the cone moves outward to a diameter of 184 in. in the vector plane. An 
aerodynamic and structural skirt protects the nozzle from external aerodynamic loads. 

The nozzle design is shown in Figure 3-92. Criteria employed in making 
the design and dimensional characteristics of the nozzle are listed in Table 3-34 . 

The ablative, insulative, and structural materials selected for the nozzle 
and the metallic and elastomeric materials in the flexible bearing assembly are 
the same as those for the 156 in. parallel burn SRM nozzle and flexible bearing 
assembly and they were selected for the same reasons. Fabrication and assembly 
methods are also identical to those of the parallel bum SRM movable nozzle. The 
same analyses were conducted to insure design and performance integrity of the 
final configuration. 

Erosion and char profiles resulting from the analyses are shown in Figure 3-93 . 
Mass properties of the design are listed in Table 3-35 . Analysis of the flexible 
bearing torque values are given in Table 3-36 . 

3.4. 3. 1. 6. 2 Actuation System 

The TVC actuators for this booster configuration are identical to those for 
the 156 in. parallel burn except for size as shown in Table 3-37 . 
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TABLE 3-34 

NOZZLE CHARACTERISTICS DESIGN CRITERIA 


Throat diameter. Initial (in.) 

50.8 

Throat area, Initial (eq in.) 

2,026 

Exit diameter, initial (in.) 

149.0 

Exit area, initial (sq in.) 

17,647 

Expansion ratio, initial 

8. 7:1 

Exit cone half angle (deg) 

17.5 

Submergence <%)* 

10 

TVC capability (deg) 

+5 

TVC slew rate (deg/sec) 

5 

Pressure, avg (psla) 

830 

MEOP (psla) 

1,000 

Safety factors 


Ablatives 

2.0 

Structure 

1.4 

Proof pressure test, flex seal 

1.2 x MEOP 

Nozzle weight (lb) 

12,763 


* Submergence. % 


Length. Throat to Flange 
Length, Throat to Exit 


x 100 
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Fi gur e 3-93. Nozzle Erosion and Char Profile 
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TABLE 3-36 


FLEXIBLE BEARING NOZZLE ACTUATION TORQUE 

Torque 

Component (million in. -lb) 

Internal aerodynamic 1,47 

Offset 0<47 

Bearing spring (5 deg vector) 1 • 09 

Soaring boot spring (5 deg vector) 9 • 96 

Gravity (considered only for horizontal static test) i!LZl 

Total 3,85 
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With the Space Shuttle vehicle mounted nonsymmetrieal to the eg of the 
three booster motors* large roll moments are Induced Into the vehicle If all three 
solid rocket motors nozzles are vectored the same amount in tho yaw plane. This 
oan be avoided by differential movement of the nozzloe. Assuming the required 
vehicle side force Is equivalent to a 5 deg vector angle* the total required side force 
from the stage Is 78* 000 lb (2. 97 x 10° x sin 0 dog x 3 ^ 78* 000). To Induce this 
side force and not induce a roll moment* It Is necessary that the vehicle roll 
moment and yaw moments as shown in the equations on Figure 3-94 both be satisfied. 
This can be accomplished If Nozzles 1 and 2 supply tho majority of the requlrod 
yaw side foroe while Nozzle 3 supplies just enough side forco to null tho Induced 
vehicle roll rates duo to Nozzles 1 and 2. Since the total vehicle eg location Is 
below the centerline of Motors 1 and 2, the requlrod side foree from Motor 3 is 
additive to the side force of Motors 1 and 2. If however* the vehicle eg was located 
above the centerline of Motors 1 and 2* the side force of Motor 3 would subtract. As 
the vehicle eg location moves from the booster eg location* the TVC nozzle angle to 
supply the required vehicle side force increases. 

For the required vehicle side force of 78*000 lb* the TVC nozzle deflection 
of Motors 1 and 2 must be increased from 5 deg to slightly greater than 6 deg. The 
third nozzle TVC requirements would be reduced to approximately 4 deg. 

From a commonality standpoint* each of the three nozzles would be sized 
for 6 deg deflection. Nozzles 1 and 2 would each receive identical guidance commands 
while Nozzle 3 would receive a reduced command in order to null the roll rate. 

The TVC control system for this booster configuration is Identical to that 
of the 156 in. parallel burn configuration. 

The HPU subsystems for this SRM are identical to those selected for the 
156 in. parallel burn optional SRM configuration. 

3. 4. 3. 2 Stage Structure 

The general philosophy followed in the design of the series stage structure 
was to design a structure that would transmit the thrust and provide support as well 
as serve to tie the three motors together. This would alleviate any requirement for 
joining structure on the pressurized case wall. 

The aft support structure is shown on Figure 3-95 and Is essentially a shell 
and ring construction with tapered doublers utilized to distribute the concentrated 
support and holddown loads. The three tapered conical skirts intercept at three 
planes where makeup joints are provided so that the overall assembly can be 
shipped as three separate subcomponents. 
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TABLE 3-37 


TVC ACTUATOR REQUIREMENTS 
156 INCH SERIES BURN 


TVC angle (deg) 

TVC slew rate (deg/see) 
Load (lb) 

Area (sq In.) 

Stroke (In.) 

Supply pressure (psl) 
Flow rate (gpm) 

Max pump horsepower 
Redundancy 


5 

5 

50.000 
17.3 
+6.4 

4.000 

33.0 

77.0 

Active/standby 
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The structure will support the Orblter-SRM assembly at six points, and 
provide holddown capability at three points, The aft structure consists of 6061-T6 
aluminum throughout except for the three holddown brackets. 

The aft connection of the motors is accomplished by bolting the main circular 
rings together by using doubler plates. 

The forward support structure is shown on Figure 3-96 and is comprised 
of three conical shells (one at the head end of each motor). At the apex of each 
thrust cone is a clevis. The three clevises are fastened together by a triangular, 
box beam frame thus tying the motors together at the forward end. The thrust 
points for the orbiter assembly are the three clevises at the apex of the thrust cones. 

Thrust termination ports protrude through the thrust cone with circular 
reinforcement rings required around the cutouts. 

3.4. 3.3 Mass Properties 

The mass properties data for the series configuration is shown in detail in 
Appendix B. Weights are summarized in Table 3-38. 
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TABU; 3-38 

MASS PROPERTIES SUMMARY 
166 INCH SERIES BURN 

Current Weight 

Description (II?) — 


Case 

123,244 

Insulation 

13,150 

Liner 

1,554 

Igniter 

660 

Nozzle 

12,724 

Raceway 

213 

Thrust Vector Control 

2,260 

Propellant 

1,500,625 

Motor Assembly 

1,654,430 

Motor Assembly (3 each) 

4,963,290 

Forward Thrust Structure 

34,806 

Aft Skirt 

31,216 

Instrumentation 

1,656 

Total Stage 

5,030,968 
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3,4,4 120 In. SRM Stage Parallel Configuration 


four 120 in. motors, eaeh containing 566, 100 lb of propellan . 

3.4.4. 1 Basic Motor 

The 120 in. motors are similar in design *^'**^fi ^he'main 
nozzle with a 6 deg cant and a 5 deg vector angle was assumed. 

The pain da.*. U a ^“1 to^ awa. 1 

rad “ J . ,l0t n 8 m to cylindrical segment la tapered to 

maintain similarity with the existing fitanOTC 120 in. SRM. 

The performance of the SRM stage is shown on Table 3-39. 

3 . 4 . 4 . 1 . 1 Grain Design and Performance 

The grain design for the 120 in. motor is * “^^^^J^rforntton (CP) 
system design. This deBign consists o a ®®J® tical configurations with tapered port 
configuration. The center segments [j* d resu it in a gradual thrust decay 

cavities tot produce a sliver at web 'htotot «d I result « „ 8 .,i ot tube 

during tallotf. The toward segment grain creation 
design to produce the slightly regressive thrust-time performan 

Figure 3-98 presents to ihru.t-.lme and pressure-tlm. performance. of 
this motorT The propellant pain dimension, are as follows. 

Cylindrical perforated port diameter (tapered) 42.3 to 82.5 in. 

1 56 

Port to throat (end of segment) 

Considerations inv^ved l. .to d = to 

-ge between 100 and 208 sec 

without grain design modifications. 
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TABLE 3-30 


PERFORMANCE SUMMARY 
120 INCH SRM PARALLEL BURN CONFIGURATION 

Parallel— Four Per Launoh Vehicle 


Performance 

Average Vacuum Thrust (lb) 

1,407,000 


Bum Time (sec) 

112 


Average Operating Pressure (psla) 

665 


MEOP (psla) 

800 


Specific Impulse Vacuum (sec) 

270 

Weight 

Propellant Weight (lbm) 

566, 100 


Total Motor Weight (lbm) 

634, 830 


Motor Mass Fraction 

0.892 


Total Stage Weight (lbm) 

642,241 


Stage Mass Fraction 


0.8814 


1 , 200,000 


O 


s 
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3.4.4. 1.2 Propellant 

The propellant used for this design is the same as that of the baseline 
parallel system, 156 in. motor. Propellant composition and properties are 
presented in the parallel motor design description (see 3. 4. 2. 1. 2). 

3.4.4. 1.3 Case 

The case for the 120 in. parallel bum SRM will be of the same general 
configuration as that used for the 156 in. parallel motor. Case construction will 
differ only in that the 120 in. parallel baseline will have seven center segments 
and the baseline design inclusion of a canted nozzle will cause minor differences 
in the aft dome opening. Case design safety factors and material parameters set 
forth in 3. 4. 2. 1. 3 apply to this section as well. 

3.4.4. 1.4 Insulation 

The insulation for the 120 in. diameter motor is identical in design approach, 
materials, and fabrication to that of the 156 in. parallel baseline system. 

3.4.4. 1.5 Liner 

The liner on the 120 in. diameter motor is UF-2121, the same as that used 
an the parallel baseline 156 in. diameter system. The liner will be applied using 
sling lining equipment. 

3.4.4. 1.6 Nozzle 

The nozzle for this booster configuration is a submerged, omnlaxlal flexible 
bearing movable nozzle, essentially the same as that of the 156 in. parallel bum 
SRM, except somewhat smaller in size. It is mounted off-center on the hemispherical 
dome so that a 6 deg cant is obtained. This provision is to assist in aligning the 
resultant thrust vector through the center of gravity of the flight configuration 
assembly. All criteria relative to materials, analysis, fabrication and assembly 
are the same. 

3. 4. 4. 1. 7 Actuation System 

The TVC Actuator for this booster configuration is identical to that used for 
the 156 In. parallel bum with the exception of size as shown in Table 3-40. The 
total number of actuators required la doubled, due to the increased number of solid 
rocket motors. 

The TVC Control System for this booster configuration is identical to that 
used for the 156 in. parallel bum, except that twice as many control units are 
required due to the increased number of solid rocket motors. 
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TABLE 3-40 


TVC ACTUATOR REQUIREMENTS 
120 INCH PARALLEL BURN 


TVC Angle (deg) 5 

TVC Slew Rate (deg/sec) 5 

Load 21, 000 

Area (sq in. ) 7.0 

Supply Pressure (psi) 4, 000 

Flow Rate (gpm) 15 

Maximum Pump Horsepower 35 

Redundancy Active/Standby 
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The design of the actuation system for the 120 in. SRM will he similar to 
that of the aeries 1S6 in. SRM, but, considerably smaller in power. The redundancy 
and consequent reliability will be Identical to that provided in the series 156 in. SRM 
to insure that all requirements for a manrated vehicle will be met. 

The predicted torque for the 120 In. SRM is 1.26 x 10 6 in.-lb. The hydraulic 
power unit for the 120 in. motor movable nozzle would require approximately 35 hp. 
These values are well within the present etate-of-the-art for TVC actuation systems. 
The existing production unit for the First Stage Poseidon has a capability of 27 hp. 
This HPU is composed of a solid propellant warm gas generator, turbine, gearbox 
and a fixed displacement hydraulic pump. 

Increasing the pump output pressure from 3, 100 to 4, 000 psi in the present 
Poseidon HPU would result in a change of horsepower from the present 27 to the 
required 35. Minor modifications would be required in the turbine emission and 
gas generator configuration in order to drive the higher norsepower pump. A 
schematic of the present Poseidon HPU is shown in Figure 3-99. 

Hydraulic power units utilizing liquid fuel gas generators have also been 
designed and produced in the horsepower range required for the 120 in. motor. 
Figure 3-100 shows a pictorial representation of the emergency power unit currently 
employed on the F-15 aircraft, which is built by Sundstrand. 

Note that the shaft is rated at 30 hp which is very near the 35 hp required 
for the 120 in. motor. It is anticipated that minor modifications would be required 
in order to obtain the power necessary for the 120 in. motor application. 

The 35 hp requirement for the 120 in. motor is a very conservative value 
and In all likelihood may be reduced in a detail design. This would be more in 
line with the two systems described above. The use of currently qual fled hydraulic 
power units would be extremely advantageous from both cost and development time 
standpoints. 

3.4.4. 2 Stage Structure 

The stage structure for the 120 in. SRM parallel motor will be designed 
to the same general philosophy as that used for the 156 in. parallel baseline motor, 
except that the stage will consist of four motors rather than two. 

The motors will be staged by dropping one from each side* similar to the 
manner described for the 156 in. parallel configuration. When the first two dear 
the orblter, the second two would be released. 

3 . 4. 4. 3 Mass Properties 

Weight data for the 120 in. SRM stage is shown on Table 3-41. 
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FUEL TANK 


DRIVEN ACCESSORY 2.4 in.3/rev. Hydraulic Pump 

RATED OUTPUT 30 SHP ® 1892 RPM 


TURBINE 

t vd « Axial Flow Impulse 


Diameter 3.49 inches 

Nominal Operating Speed 100,000 RPM 

ELECTRICAL POWER REQUIREMENTS 

Momentary (3 sec.) 18.0 amps 

Continuous 3.0 amps 
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TABLE 3-41 


MASS PROPERTIES SUMMARY 
120 INCH SRM, PARALLEL BURN 


Description Current Weight Jlhl 

Case 49, 353 

Insulation 8, 439 

Liner 755 

Igniter 372 

Nozzle 7, 121 

Raceway 151 

Thrust Vector Control 2, 029 

Thrust Termination 510 

Propellant 566, 100 

Motor Assembly 634, 830 

Nose Cone 2, 095 

Aft Skirt 2, 804 

Stage Attach Provision 2, 124 

Instrumentation 225 

Destruct System 162 

Total Stage (4 motors) 2, 568, 964 
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3.4. 5 200 to. SUM Stage Serle. Bun, Configuration 

The 260 in. atage for the 

» “• rszsz a 

S-J- ^ -rsss'^sr — 

with the large motor need to oe 
the scope of this, study • 

3 4 6 The motor deelgn for toe 200 to. » t^toe'motor 

Is mononinic motorsi however, at 260 in. , eve . the ma i n 

-r or ^"^s^"toms e , to not alleviate* by aegment- 
reMOn ?mETS*Z U date have been monolithic. 

tog . ^ all 200 to. m Performance data are shown 

The 260 In. SRM stage Is shown in Figu 
In Table 3-42- 

3 4.5.1.1 Crain Deelgn and Performance 

The grain design for the 260 to. ““^"^'^ce wltofwtoff'rf about 

This 

Tab to 3-4™ The alar ^^“^o^motor within toe constraints of toe 
loaded (volumetric loading greater tnan u 
propeltont burn rate capability. 

The .tor con^rations^ere^stocr^ofto- ,s 

tailoring that can be ^^118^^ trace can be accomplished, 

predetermined and only minor tollorl ^ alm08t 

The 260 to. baseline motor design for ' ®* haSne 156 to. design for toe 
toe eamedegree o, SA — - 

r:t"aT^tw- no and 150 aeo. 

S ' 4 ' 5 ' The 71 Oeelgn of toe 260 

design for toe 156 to. parallel caee. he ( .^ ^ aUer mo tors. The cylindrical 

S-’SX cte'wm not be Segmented bit will be rolled mid welded p a s 
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Inch SRM Series Configuration 
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TABLE 3-42 

PERFORMANCE SUMMARY 
260 INCH SRM, SERIES BURN 

Series-One Per Launch Vehicle 


Performance 

Average Vacuum Thrust (lb) 

Burn Time (sec) 

Average Operating Pressure (psia) 
MEOP (psia) 

Vacuum Specific Impulse (sec) 
Weight 

Propellant Weight (lb) 

Total Motor Weight (lb) 

Motor Mass Fraction 
Total Stage Weight (lb) 

Stage Mass Fraction 


8,920,000 


1,000 


4.500.000 

4.972.000 
0.905 

5.023.000 
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TABLE 3-43 

MOTOR DESIGN SUMMARY 
260 INCH SRM, SERIES BURN 

MEOP - 1.000 psla 


Ballistics 

Delivered Vacuum Specific Impulse (Ibf-sec/lbm) 
Total Time (sec) 

Web Time (sec) 

Average Vacuum Thrust (million lb) 

Average Chamber Pressure (psia) 

Propellant Bum Rate at 830 psia (in. /sec) 

Average Nozzl 3 Expansion Ratio 
Average Nozzle Throat Diameter (in. ) 

Propellant Grain Design Characteristics 
Grain Configuration 
Initial Port to Throat 
Volumetric Loading 

Regressivity (thrust at web time/maximum thrust) 


267 

137 

135 

8.92 

830 

0.345 

8.5 

86.6 

5 Point Star 
1.70 
0.81 
0.886 






, Incorporate longitudinal weld seams. Maximum weld efficiencies of 90 percent will 

be assumed for the design and the entire plate will be thicker than required to account 
for the reduction of strength In weld areas • Maximum wold mismatches of 0.000 In. 

*{ can be tolerated. The case material will be 200 grade 18 percent nickel vacuum arc 

remelt' maraglng steel. This material selection is based upon the demonstrated 
j successful fabrication of 260 In. motor oases using this material. 

3 . 4 . 5 . 1 . 3 Insulation Design 

i The internal Insulation design approach used In the 260 in. motor Is Identical 

• to that used In the 156 In. parallel baseline motor with the exception that during 

I fabrication the case will be sealed and used as an autoclave. 

| 3. 4. 5. 1.4 Liner 

The same UF-2121 liner material used in the 156 in. parallel baseline system 
I will be used in the 260 in. series motor. 


3. 4. 5. 1. 5 TVC System 

All technology and fabrication capability for the production of 260 in. diameter 
motor nozzles are in existence and have been successfully demonstrated. Two full 
scale (89. 1 in. throat diameter ) fixed nozzles have been successfully tested on 
260 in. diameter motors. 1* 3 In addition' the full scale TVC element recommended 
in a NASA study for the 260 in. motor nozzle has been fabricated and successfully 
bench tested at the identical loading and through the same vectoring duty cycle as it 
would be subjected to in an actual 260 in. test firing. 3 Thus all that remains to be 
accomplished to demonstrate a 260 in. TVC nozzle in a test firing is the relatively 
simple step of combining these successfully developed components. 

The TVC actuator for this booster configuration is similar to the actuator 
used for the 156 in. parallel bum. The actuator specific data are shown in Table 3-44. 
Due to its large size and flow rate, the TVC actuator will require an additional 
hydraulic power stage. The servoactuator would consist of a primary and secondary 
actuator. The secondary actuator will house the required pilot servovalves and 
failure detecting logic. The primary actuator will consist of the power ram, engage 



^260 In. Diameter Motor Feasibility Demonstration Program. Final Report. NASA 
CR 72125. Contract NAS3-6284. Aerojet-General Corp. , April 1966. 

2 260-SL-3 Motor Nozzle and Exit Cone Design, Fabrication and Assembly. Final 
Phase Report. NASA CR-72283. Contract NAS3-7998. Aerojet-General Corp. , 
June 1967. 

^Design, Fabrication, and Test of Omnidirectional Flexible Seals for Thrust Vector 
Control of Large Solid Rocket Motors. Final Report. NASA CR-72889. Contract 
NAS3-12049. Aerojet-General Corp. , June 1971. 
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TABLE 3-44 


TVC ACTUATOR REQUIREMENTS 
260 INCH SRM, SERIES BURN 


TVC Angle (deg) 

TVC Slew Rate (deg/sec) 
Load (lb) 

Area (eq in. ) 

Supply Pressure (psl) 
Flow Rate (gpm) 

Max Pump Horsepower 
Redundancy 


6 

6 

140.000 
47 

4.000 
160 
350 

Active/Standby 
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valves and mechanical input four-way hydraulic valve. Four additional LVDT's 
for secondary actuator feedback are required as shown In Figure 3-102. 

Tho control system for this booster configuration is similar to that used 
for the ISO in. parallel burn. Four additional LVDT’s for the secondary actuator 
are required together with their increased power supply requirements. Only one 
control unit is required for this configuration. 

The TVC actuation system power supply design for the scries 200 in. SRM 
will be similar to that of the series 13(1 in. SRM, the major difference being the 
increase in size. Reliability and redundancy will be identical to that of the scries 
150 in. SRM (primary and secondary actuation and control systems). This approach 
will provide for multiple fal 1 ' , re and redundancy necessary for manrated conditions. 

The forecasted torque for the 260 in. flexible bearing nozzle is 12.5 x 10 (i in. -lb. 
Hydraulic power will be provided by a 350 hp monopropellant turbine driven pump. 

The HPU for the 260 in. SRM will consist of a hydrazine gas generator with 
its associated tankage, controls and hot gas line supplying hot gas to a turbine driven 
hydraulic power unit. A schematic of the HPU is shown in Figure 3-103. 

As shown (Figure 3-103), tho nitrogen gas pressurization of the hydrazine 
storage tank will provide fuel to the gas generator. The hot decomposition gases 
from the generator will rotate the axial flow impulse turbine which, in turn, will 
provide the power to the fuel pump to Increase the Injection pressure into the gas 
generator. The output of the gas generator is regulated by a flow control valve, 
which is modulated by the controller which senses the turbine speed, to maintain 
a constant speed. 

The controller will be a solid stage, modular construction, electronic design 
using existing circuits which have been developed and flight qualified for aircraft 
HPU. The fuel control valve will be similar in design to those used in electro- 
hydraulic servocontrol system . . The portions of the valve in contact with the 
hydrazine will be of corrosion resistant materials that are compatible with hydrazine. 

The gas generator is a regenerative type consisting of an Insulated chamber 
(pressure vessel), fuel Injector assembly, regenerative tubes, electric glow coil 
(heater), and a normally -closed thermal switch. This particular design Is functionally 
identical to that developed and qualified for use with the liquid monopropellant 
ethylene oxide powered Nike Hercules APU. This reaction chamber has been proven 
an efficient design for operation with hydrazine. 

The fuel pump will be a vortex (drag) pump driven by the turbine at turbine 
speed through a hermetically sealed magnetic coupling. The pump runs on its own 
bearing which will be lubricated and cooled by the fuel. The vortex design will permit 
the flow to be varied over a broad range without c"erheating the fuel. 
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The power unit is composed of the axial flow, Impulse turbine, gearbox, fuel 
pump and the variable displacement hydraulic pump. The turbine Is similar to that 
utilized for the Spartan unit, but because of the Increased power requirements, Its 
diameter has been Increased and the nozzle arc of admission has been increased from 
approximately 70 to 100 percent. In addition, a new gearbox based upon a proven 
design (by AlResearch) replaces the existing Spartan gearbox. 

The speed of the turbine-pump combination is maintained oonstant by an 
electronic speed control which modulates the hydrazine supply to the gas generator. 
Use of a variable displacement, axial piston pump (theoretical displacement of 
6.0 cu in. /revolution), permits efficient matching of generator power to load demand. 

The remaining hydraulic subsystem would be similar to that shown in 
Figure 3-103. The sizing of these components Is dependent upon details of the load 
duty cycle, particularly load spikes, which must be accommodated and which are not 
yet known for the present application. 

3.4.5. 1.6 Stage Structure, 260 In. Series 

The staging structures for the 260 in. single motor stage will be similar to 
that used in the 156 in. series configuration. The use of only one motor per 
stage simplifies the structure required. As in the 156 in. series baseline design, 
the aft skirt will be designed and used to support the entire vehicle prior to launch, 
and will be designed for vehicle holddown on the pad. 

3.4. 5. 2 Mass Properties 

The weight data for the 260 in. SRM stage are presented in Table 3-45. 
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TABLE 3-45 

MASS PROPERTIES SUMMARY 
BASELINE SRM 260 INCH, SERIES BURN 


Description 

Case 

Insulation 

Liner 

Igniter 

Nozzle 

Raceway 

Thrust Vector Control 
Propellant 

Forward Thrust Structure 
Aft Skirt 
Instrumentation 

Total Stage 


Current Weight (lb) 
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3. 5 SUPPORTING RESEARCH AND TECHNOLOGY 

The results of the study of SRM'a for ft Space Shuttle booster were reviewed 
to determine the need for a supporting research and technology effort. For the 
basic SRM Stage no technology deficiencies exist which would prevent th y 
design development and operation of SRM's for a Space Shuttle booster. 

Recovery of the SRM Stage requires further study and development testing 
to assure successful implementation of SRM Stage recovery. during the Space 
Shuttle program. Since the potential cost savings associated with SRM Stage 
recovery are high, recommended technological efforts have been identified and 
for convenience purposes are presented in Appendix H, °UM Stage Recovery. 


] 

1 

1 

1 
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